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Simulation study on human bipedal locomotion
by a neuro-musculoskeletal model and its application to
rehabilitation
Daisuke Ichimura
Abstract
Along with the population aging, the number of patients who need rehabilitation
is increasing in many countries. Because the medical conditions and symptoms are
different across individuals, therapists have to try various rehabilitation methods until
they find an effective treatment for a specific patient. In other words, there are
no standard methods in the field of rehabilitation. If we can eliminate the painful
trial-and-error processes that coulde take very long time, it will be beneficial for the
patients. A potential way to do this is to use computer simulation.
In this study, we focused on bipedal locomotion, that is one of the basic daily
activities and its disorder requires rehabilitations. We built two mathematical models
for bipedal locomotion, which consists of a neural network model of the brain and a
musculoskeletal model of the body. Eventually, we succeeded in simulating bipedal
locomotion models for cerebellar injury and hemiplegia after stroke.
In cerebellar injured model, during the initial phase of walking, the cerebellum
learned the timing of foot contact on the ground, and after that stable bipedal lo-
comotion was realized. We observed that when one hemisphere of the cerebellum
was removed, the foot at the injured side was lifted higher than that at the other
side. This abnormal foot lifting is consistent with a case study in cerebellar injured
patients. This result suggests that the cerebellum plays an essential role in smooth
gait control.
Hemiplegia model succeeded in acquiring a stable locomotion. Then, we weakened
neural inputs to the muscles on one side leg to simulate a stroke condition. Immedi-
ately after the simulated hemiplegia, the model failed to walk. We refitted feedback
parameters of reflex or rhythmic locomotion controller to compensate the locomotion.
Stable locomotion was recovered in both conditions. Only in the latter, the neural ac-
tivities were abnormal which is similar to chronic stroke patients. This result implies
that chronic stroke patients might alter parameters of rhythmic locomotion controller
to compensate locomotion.
These results suggest that our simplified brain-body models could simulate patho-
logical locomotion in abnormal conditions, therefore computer simulations of rehabil-
itations will be possible in future.
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? 1?
??
????????? (WHO)??,????? 7%??????????????, 14%
???????????, 21%?????????????????? [1]. 2015????
?????? 26%????.????????????????????????? [2].
?????????????????????????? (??????)??????
?????????.??????, 2025???????????? 75??? (????
?)??????????, ???????????????????????????
???????. ?? 2025 ??????, ????????????????????
?, “????????????????????????,?????????????,
???????????????????????????,????????????
??????????????????????????”???????? [3]. ???
??????????????????, ???????????????, ?????
????, ??????????????????.
???????????????????????????????????????
?,??????–???????????? [4]. ???, 1800???????? 1900?
???????????????????????????????, ????????
??????????????. ???,?????????????????????
????????? [5]. ???????????????–?????????????
??????????, ????????????????????. ????????
???????, ???????,?????????? (???)??????????
???????????????? [5, 6]. ????????????????,????
???????, ????????????????, ???????????????
???,??????????. ?????????????????????????
8
??????? [5]. ????????????????????????????,??
???????????????????????.
???????????????,???????????????????? Evidence
Based Medicine (EBM) ????????????? [7, 8]. ???, ????????
?????,???? EBM??????????????. ????????????
???????????????????????????????? [9], ?????
???????????????? [10]. ??????????,??????????
????????????????????????????????. ???????
???????????????????????????????,????????
?? [11].??????????????????????. ????????????
? EBM??????????,?????????????????????????
????????????????????, ???????????????????
???. ????????????????????????????????????
???. ????????,???????????????????,????????
?????????????????????????????????? [12]. ???
???????????????????????????????,????????
????. ???????????????,???????????????????.
?????????????????????????.
?????,?????????????????? Quality of Life (QoL) ?????
?, ???????????, ??????????????????????????
????????? [13]. ?????????????????,??????????
??????????????, ???????????????.
???????????????????????????????????????
????????, ????????????????????????. ??????
?????, ?????????????????????????????????
(Computational Neuroscience)???,????????????,?????????
??????????????????????????????????,?????
?????????????????????? [14].???????????????
??????????,???????????????????????? 3????
??? [15].
1. ????????????????
2. ??????????????????????
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3. ??? (?????)?????????
????????,???????????????????????????????
??????????????. ??????????????????????,??
???????????????????????????????????,????
???????????????. ???,???????????????,?????
????????,?????????????????????? [15].
??????,??????????????????????????-???????
??, ????????????? 2???????????????????????
?. ???????????????????,??????????????????
???????. ???,????????????????????????????
?????, ??????????????????????. ???,????????
?????,?????????.
1.1 ??????
? 1? (??)??,?????????????,?????????.
?? 2???,?????????????????????????????????
??.
?? 3 ???, ???????????????, ???????????????? 2
???????????????????,???????????????.
?? 4 ???, motor module ??? 2 ??????????, motor module ????
??????????????????.
?? 5???,??????????????.
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? 2?
???????
2.1 ????????
2.1.1 ????
???????????????????????. ???????????????
???????,??????????????????????????. ?????
?????????. ????????????????????????, ?????
????????. ??????????????????????? [16,17]. ????
??????????????????,???????????????.
???????
?????????????? 2?????????? (? 2.1). ?????????
??????????????. ??????????????,??????????
??????????????????. ????????????????????
(????)???????.
???????? 3??????????. ???????????????????
?????? (?????????????????) ??????. ????????
?????????????? (??????).
???????????????????,????????????????????
?. ??????????????????????. ???????????????
???????. ???????????????????????????????
?????????????????????????.
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? 2.1 ???????.?????????, ????????????. ?????
?????????, ????????????????, ????????????
???????????????????. [16]????????.
???????????????????? (????????)???????????
?????????? (???????)??.
?????????
?????????,????? 60%?????? 40%????????, ?????
?????????????. ??????????????????????????
????. ???????????????????????????????. ???
??????????????????????,?????????????. ????
????????????????????????????.
???????????????????????????, ???????????.
????????????????????????.
???
?????????????? (? 2.2). ????????????????????
?. ??????????????????? 2?????????? (???,????
??????????). ??,??????????????????????. ???
??????????? (? 2.2). ??? (????)??????? 2????????
??????????????????????????.
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? 2.2 ????????.?????????????????????,?????
????????????????. [16]?????????
2.1.2 ????
?????????,????????????????????????. ????
???????????,????????????????????????????
????????????. ???????????????????????????
???????. 1????????????????????????, 1??????
???????????,???????????????????. ?????,???
?????????????????. ?????? 2.3???. ???? 8?????
?, ?????????,???????,?????,??????????.
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? 2.3 ???????????. ???????????????????????
??????. ??????????????. ?????????????????
????????. [16]????????.
???????
????????,???????????????. ???, 1.????, 2.????
?????, 3.????????? 3?????????????????????. ?
????????????????????????????????????. ???
?????????????????.
?????
???????????????????????????????????????
??????????????????. ???, ????????????. ????
?????????????.
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???????
??????????????????????, ???????????????
(????). ????????????, 3????????????? (???????
???)?????????????. ??????????????,????,???
?,????? 4????????.
2.2 ??????
2.2.1 ????????????
?????????????????, 2 ???????, ???????? (? 2.4).
?????????????????????, ????????????????
? [18].
前頭葉
頭頂葉
後頭葉
小脳
脳幹
脊髄
大脳
(中脳, 橋, 延髄)
側頭葉
上位中枢
下位中枢
? 2.4 ?????????????.?????????????, ????????
?????.????,??,???????????.??,????????????
??,???,???,???,?????????. ?????,?,??????.
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??
2????????,?????????? (????)?????? 3????? (?
??, ??, ???)???????. ??,??????????????. ??????
?????????. ????, ???????????????????????. ?
?,????? 4???? (???,???,???,???)??????. ??????
?????????.??????????????????????????????
???. ????????????????????????????????????
??????. ????????????. ????????????????????
????????????????????????????.
????????????????????????. ???????????????
????????????????????????. ???????????????
??????????.
??
??????????????,????????????????. ???????
????????????????,???????????????????????
??????. ????????????????????????????????.
???????????????????????????????????????
(? 2.5).
????????????????????????????????????????
2 ????. ?????????????????????????, ????????
??????????????????????. ?????????????????
????????????????????????????????. ???????
??????????,?????????????????????????????.
?????????????????????????,????????????. ?
?,???????????????,??????????????????. ????
???????,?????????????????.
?????????????????????? (long-term-depression; LTD)????
???????. ??????????????????????????????. ?
??????????????????????, ?????????????????
????–??????????????????. ????????,????????
?????????????????????,???????????. ??????
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????????????????????,?????????. ?????????
?????????????????????.
CNPN IO
プルキンエ
細胞
橋核 
苔状線維 
小脳核
登上線維
下オリーブ核 
ゴルジ
細胞    
分子層介在
ニューロン
顆粒細胞 
平行線維    
入力 入力出力
抑制性
興奮性
? 2.5 ??????????. ????????????????????????
?. ?????????. ????????????????????????. ??
????????????????, ??????????, ???????????
??. ??,???????????,???????,????????????. ?
???????????????,?????????????????????.
??
???????,??????.?????????????????????????
????????. ???????????????????????????????.
???,????????????????. ????????????????????
?????????????. ????????????? 3????????????
????????????????????. ???????????????????
???. ??????????????,?????????????????????
???????????. ????????????????????????????
????. ???????????????????????????????????
???????????.
??
??????????????????????. ?????? 1 ????????
?.??????????????????????????????????????
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?????????????????????????. ??????????????
??????? (Central Pattern Generator; CPG)????????????. ???
????????????????????????,???????????????
???????????. ???????????????????.
2.2.2 ???????
????????
????? 2?????????????????????????, ???????
??????????????????????????????.?????????
?????????????, ??????????????????????. ???
??????????????????????????,??????, ??,????
???????????. ???????????????????,????????
CPG ?????????????, ???????????????????????
? [19].
????????????????????????????????,??????
?, ????????? 3????????????? [18].
a). ????????????,??????????????????
b). ?????????????????????????
c). ????????????????????
a). ???????????????????, ??????????????????
???? [20]. ?????????????????,?????????????,??
??????????, ?????????????????????. b). ?????
?????????????. ??????,??? CPG?????????????
??????????. ???????, ?????????????????, ???
?–??????????????????????.????????????????
????????????????, ?????,???????–??????????
????????????????????? (? 2.6). ??????????????
?????, ?????????????????–????????????????
???,????????????????????????????????????
????. ???????????????????????????????????
???????????????? [21,22]. c). ??????????????????
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???????????. ??????????????,?????????????
????. ?????????????????,?????????????????,
???????????????????????????, ?????????. ??
?, ???????????????????????????????????? [23].
大脳
脊髄
運動系
脳幹
CPG  
小脳
体性感覚・CPG情報
教師信号
運動の調整指令
? 2.6 ?????????????????. ?????,??,?????????
??????????. ??,??????????????????,???????
??????????.??????????????????????????. [22]
?????????.
????????????? CPG???????????. ???????????
??????????, CPG ?????????????????????–????
????????????????. ?????????????????, CPG???
???????, ??????????????????. CPG ??????, 1910 ?
?? Graham Brown???????????????? 2??????? (?????
??)????????????????????, Anders Lundberg????????
??? [24]. 2?????????????????????????????????
????. ???, 2????????????????????????,??????
?????????????, ??????, ????????????????. ??
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?,?????????????????????????????????,?????
?????,????????????????????. ?????????????
??????????????????????,?????????????????
??.???,????????????????????????????. Rybak ?
(2015)????????????,?????????? Rhythm Generator (RG)??
?????????????????? Pattern Formation (PF)??????????
2?? CPG?????????? (? 2.7) [25]. ???????, ??????????
????????????????????????, ???????????????.
? 2.7 ???? CPG ???. Rhythm Generator (RG) ? Pattern Formation
(PF) ? 2 ??????????????. RG ? PF ???, ??????????
??????. ???????????? CPG ???????. [26] ???????
???.
?????? CPG???
????? CPG???????????????????????????, ???
?????????????. ???????,?????????????,?????
???????????????????????????? (?????). ???,?
???????????????????????????????????????.
??????????????????????????????????,?????
??, ???????????????????? [18]. Calancie? (1994)?????
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???????, ?????, ??????????????????????????
?????????????? [27]. ????????????? CPG???????
???????????????????. Dimitrijevic ? (1998) ?????????
????????,????????????????????????????? [28].
??????????????? CPG ?????????????????. ???
?????,??????????????????????????????????
? [29]. ?????? CPG ???????????????. ???, ???????
????,???????????????????????????????????
???? [30–34]. ???????????????,??????????????, ?
?????????????????????????????????, ?????
CPG??????????????. ??????????motor module (?????
???)?????. ?????? motor module?????????????????
???????????????. ??, motor module??????????????
?????,???????????????????????? [35].
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? 2.8 Motor module ????. ??????????????, ????????
???????????. ???????????, ???????????????
?. [34]??????????.
2.2.3 ?????????
??????????,?,??,????,????,??,????????????
??????????,?????????????????????????????
??????????????. ???,????????????????,?????
???????????????????????. ????,???????????
?????????,???????????? (??????????)????,??
?????????????????? [36]. ????,??????????????
????????. ??????????????????????????????,
????, ???, ???, ???????, ?????, ???????????? [36].
??, 3?? 4?????????????????????????????????
???????????. ????????????????????????????
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?????.
??????
??????????????????????????. ????????????
???????,??????????????,???????????????. ??
????????????????, ???????????????, ???????
??????????? [37]. 3 ????????????????????, ????
??????????????, ?????????????????? [38]. ????
???????, ???????????????????????????, ????
????????? [39]. ??,?????????????????????????
????, ???, ???????????????????????????????
????? [40].
????????
????????????????????????? 2 ???????. ????
?????????????,??????????????????. ???????
??????, ?????????????????????????, ???????
???.???,????????????,????????????, ???????
???. ?????? (dragging gait) ??????. ??, ????????????
???, ????????????, ?????????, ?????????????
???.????????????????????. ???????????????
?. 3 ??????????????, ??????????????????????
?????????????? [41]. ????????????,??????????
? motor module ???????????????????????????????
motor module???? [42], ?????????? motor module?????????
?,?????????????????? [43].
?????????
????????????, ??????????????????, ???????
??????, ???, ?????????????????????????????
????????????.
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????????
?????????,????????????????,??????????. ??
??,????????????,???????????. ??????,??????
?,???????????????.
3?????????????????,????????????????????
?????.
2.3 ????????????????
2.3.1 ?????
????????
1 ????????, ???????????????????, ?????????,
????????????.??,?????????????????????????
??????????????. ????????????????, ????????
??????????????????????????????????.
???????????????????????? [44–54], ?? 3??? 2?? 1?
? 4???? Taga??? [44]???, 4??? Taga???????? 2?? 7???
????????????.?????????.
? Taga????????? (Matsuoka?????)???????,????????
? (CPG)?, ????????????????????? CPG???, 2?????
????. ???,??????????????????????? 3???????
?????????????????, ?????????????????????.
4?????, 2?? 7?????????????????????????????
? [46,48,49,51,52], ?????????????????,?????????????
????????????. ?????,?????????????????????
????????? CPG?????????????????,????????.
??????????????????????????????? [44,45]. ????
????????????????????????????????????. ???
?????????????,????????????????????????. ?
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??????????????????????????,????
F = mx¨,
N = Iθ¨, (2.1)
???, F ??, m???, x¨???????. N ????, I ????????, θ¨ ??
???????.
2????????
2???????????????. ? 2.9?????????. ??????????
? (? (2.1))????????,
m1x¨1 = −F1 + F3,
m1x¨2 = −F2 + F4 −m1g,
I1θ¨1 = −F1(l1/2) sin θ1 + F2(l1/2) cos θ1
−F3(l1/2) sin θ1 + F4(l1/2) cos θ1
+Tr1 + Tr2,
m2x¨3 = −F3 + F5,
m2x¨4 = −F4 + F6 −m2g,
I2θ¨2 = −F3(l2/2) sin θ2 + F4(l2/2) cos θ2
−F5(l2/2) sin θ2 + F6(l2/2) cos θ2
−Tr2 − Tr3,
(2.2)
????. m1, m2 ? Link1 ? Link2 ???, (x1, x2) ? (x3, x4) ????? Link1 ?
Link2???, Fi (i = 1, ..., 6),?? Link?????, g ??????, I1, I2 ? Link1?
Link2????????, θ1, θ2 ? Link1? Link2???, l1, l2 ? Link1? Link2??
?, Tr1,Tr2,Tr3 ?????????????.
???, Link1? Link??????????????????????. ???????
?????????????:
x1 + (l1/2) cos θ1 = x3 − (l2/2) cos θ2,
x2 − (l1/2) sin θ1 = x4 + (l2/2) sin θ2, (2.3)
??? 2??????,
x¨1 − (l1/2) sin θ1θ¨1 − x¨3 − (l2/2) sin θ2θ¨2 = (l1/2) cos θ1θ˙1 + (l2/2) cos θ2θ˙22,
x¨2 − (l1/2) cos θ1θ¨1 − x¨4 − (l2/2) cos θ2θ¨2 = −(l1/2) sin θ1θ˙1 − (l2/2) sin θ2θ˙22,
(2.4)
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????,? (2.2)?? (2.4)??????,????????????????????
?. ?????? 3????? Taga???? 4???????????? (? 2.10)?
?????????.
(x1, x2)
θ1l1
m1
m2
Link1
g
l2
(x3, x4)
θ2
Link2
Link1
Link2
F1
F2
F3
F4
m1
g
Tr1
Tr2
F3
F4
F5
F6m2
g
Tr2
Tr3
(A) (B)
? 2.9 2 ??????. (A): 2 ???????????????. (x1, x2), (x3, x4)
? Link1? Link2???, θ1, θ2 ? Link1? Link2???, l1, l2 ? Link1? Link2
???, m1, m2 ? Link1? Link2???, g ?????????. (B): ??????
??????????. F1, F2, F3, F4 ??, Tr1,Tr2,Tr3,Tr4 ???????.
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(A)
(x1, x2)
(x3, x4)(x6, x7)
(x12, x13)
(x9, x10)
x14
x8
x11
x5
大腿
下腿
足部
(xl, yl) (xr, yr)
(B)
M
m1
m2
l1
l2
g
HAT
大腿
下腿
足部
(x1, x2) x3
x6
x9
x12
x15
x18x21
(x4, x5)(x7, x8)
(x10, x11)
(x13, x14)
(x16, x17)(x19, x20)
(xrt, yrt)(xrh, yrh)(xlt, ylt)(xlh, ylh)
lHAT
luthigh
llthigh
lushank
llshank
mHAT
muleg
mlleg
lfoot1
lfoot2
lfoot3
mfoot
足部
g
? 2.10 ??????????. (A): 3 ?????? Taga ???. 2 ?? 1 ?? 4
??????. [44] ????????. (x1, x2) ????????????(x3, x4)?
(x6, x7)?????????????(x9, x10)?(x12, x13)?????????????
(xr, yr)?(xl, yl)???????????x5, x8 ???????????x11, x14 ??
???????????????????M , m1, m2 ??????????????
???????????????. l1?l2 ??????,?????????????
???(B): 4 ????????????. 2 ?? 7 ???, 18 ???????. ??,
??, ??????? 1 ??? (Head, Arms, and Torso, HAT) ???. ?????
????????. (x1, x2) ? HAT ??????(x4, x5)?(x7, x8) ???????
??????(x10, x11)?(x13, x14)?????????????(x16, x17)?(x19, x20)
?????????????(xrh, yrh)?(xlh, ylh) ???????????(xrt, yrt)?
(xlt, ylt) ?????????????????????. x3, x6, x9, x12, x15, x18,
x21 ????? HAT???,?????????,?????????,??????
?????????. mHAT, muleg, mlleg, mfoot ????? HAT ????????
???????,???????????. lHAT? luthigh, llthigh, lushank, llshank ???
?? HAT ???, ???????, ???????, ???????, ???????
???????????lfoot1, lfoot2, lfoot3 ???????????????????,
????????,?????????????.
2.3.2 ????
4 ????????????. ????????????????????, ????
???????????????????,??????????????. ?????
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????–????,????–??????? 2??????????? (? 2.11). ??
??–?????????????????, ???????????????????
?????????? [55]. ????–???????????????????,???
????????, ??????????????????? [56]. ?????????
???????????????????????. [46, 49,51,57].
F ′m = F¯
CE
m · k(ξm) · h(ηm) · αm + FPDm + FPEm ,
k(ξm) = 0.32 + 0.71 exp[−1.112(ξm − 1)] sin[3.722(ξm − 0.656)],
h(ηm) = 1 + tanh(3.0ηm),
FPDm = c
PD
m L˙m,
FPEm = k
PE
m {exp[15(Lm − L¯m)]− 1}.
(2.5)
F ′m ?m????????, F¯CEm ????? (CE)????????, k(ξm)????
?–????, h(ηm)?????–????, αm ? α????????????????
(0 ≤ αm ≤ 1), FPDm ? FPEm ???????????, ξm ? ηm ??????????
L¯m ??????????????????????. ξm = Lm/L¯m, ηm = L˙m/ ¯˙Lm ?
??, Lm, L˙m, ¯˙Lm ?????????, ????,???????????. cPDm ???
??, kPEm ????????. ??????????? A.1???.
? 2.11 ??????.???????–???????.?????????????
?????. ???????–???????.??????????????????
????. ????????????????? (??)???????????. [18]
????????.
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2.3.3 CPG???
CPG??????
1???, CPG????????,????????,??,?????. ??????
????????,?????????????????Matsuoka?????????
???? [58,59].
2????????
??? CPG ?????????????? 2 ?????????????. ???,
?? 2 ???????????????, ???????????, ?????????
????. ????????????????????.
τ u˙1 = −u1 − wy2 − βv1 + u0,
τ u˙2 = −u2 − wy1 − βv2 + u0,
τ ′v˙1 = −v1 + y1,
τ ′v˙2 = −v2 + y2,
yi = f(ui) (f(ui) = max(0, ui)) (i = 1, 2), (2.6)
???, ui ? i???????????, yi ? i???????????, vi ? i???
???????????????????. ??, u0 ????????, w ??????,
τ, τ ′ ???????. ???, τ, τ ′ ????? u0 ?????????????. ???
? 2.12???.???????????.
? 3?????Matsuoka????????? 12????, CPG?????, 4???
14????, Rhythm Generator (RG)??????? Pattern Formation (PF)???
??????? 2?? CPG????????.
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u
1
u
2
y
1
y
2
(A) (B)
? 2.12 ?????????Matsuoka?????. (A): 2???????????
????. ??????????????. (B): 2 ??????????. ?????
???????????. ?????,??????????????.
2.3.4 ?????
?????????????????????????????. ????????
??????????????, ?????????????? (fire) ???. ????
?????????, ?????????????????????????? (firing
rate)???. ?????????????????????????????????
?????, ???????????????????????????? [60]. ???
????,?????????????????????????????????. ?
??????????????????????????????????? 2????
N ??????????????? 1???????????????????????
? (? 2.5). ??????????????????????? [60]:
zj(t) = [qj(t)]
+,
qj(t) = I(t)− 1
N
′∑
j
wGCj,j′
t∑
s=1
exp
(
− t− s
τGC
)
zj′(s− 1),
(2.7)
??? zj(t)??? t?????? j ??????????qj(t)???????????
qj(t)??? t?????????I(t)???????????????????wGCj,j′ ?
?? j′ ???? j ??????????????????????τGC ???????
?????????????? 2.13 ???. ???????????????????
??????????,??????,????????????????.??????
??????????????????????????. ????? t???????
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????? PC(t) ?????????
PC(t) =
∑
j
wPFj zj(t)−
∑
j
zj(t) + PC, (2.8)
?????? 1????????????????????? 2???????????
????????????????????????????????????????
????????????? 3??????????????????????????
??????????????????????????wPFj ???????????
?? j ?????????????????? CN(t)?? (2.9)???????
CN(t) =
{
1 PC(t) < θPC ?? P˙C < 0,
0 ????, (2.9)
????????????????????????????????????????
????????????????????????????????????????
???????? PC(t)??????? θPC ???????????????????
(2.9)?????CN(t) = 1???????????????????????????
????????????????????????????????????????
??????????????? LTD??????????????????????
??wPFj ???????????
wPFj = max(1, w
PF
j + PFi(t)w
PF
j IO(t)), (2.10)
PFj(t)????????????zj(t) > 0??? 1?????? 0????IO(t)??
???????????????????????0 ??? 1 ??????wPFj ???
????????????????????????????????????????
??wPFj ???? 1????
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? 2.13 ???????.???? (zj(t) > 0)?????????. ???????
??????,???????????????. 1000????????? 50???
???????.
2.3.5 ?????????
????????????
???? CPG???????,?????????????????????. ???
?????????????? 4???????????? (GA: Genetic Algorithms)
?????. GA??????????????,??????????????????
????????,???????????????????????????????
??????? [61].????, ??????????? (meta heuristics)??????,
??????????????????????????,?????????????
??????????????????.
1. ??????????????????????
2. ?????????????????????????????????
GA???????????????????,?? 1.???????,???? 2.??
??????????????, GA???????????????????????
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????. ???????????????????? 2.14 [61]?.
? 2.14 ???? GA?????.?????????,?????????????
??????????????????????. [61]????????.
???????????
?????????,???????????????????? (chromosome),??
??? (individual) ???. GA??,?????????????????, 1????
?? 2 ???????????/?????????????. ???????????
?? (representation),???????????. ??,???????????????
??? (genotype),???????? (phenotype)???. ??????,??????
?????????????????????????????????, ???????
??????.??????????????????????.??,????????
???????????????????????????.
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????
?????????????,?????????????????????????
????. ?????????????????????????????.
?????
?????????????????????????????????????.?
????????,????,??? 3?????.
???? 2?????????,??????????????????.????,??
??????????????????, ?????????????????. ???
??????????.
??????,???????????????????,???????????,??
????????????????????.???????????????.
?????????????????,????????????????????,??
??????????????????.
?????????????
???????????????????.??? 2???????????????
??????????.
f(x1, x2) = 21.5 + x1 sin(4pix1) + x2 sin(20pix2)→ max (2.11)
− 3.0 ≤ x1 ≤ 12.1 (2.12)
4.1 ≤ x2 ≤ 5.8 (2.13)
? (2.12),? (2.13)?????? (2.11)? x1, x2 ????????????????
?.?????????????? 10,???? 0.25,????? 0.01,????? 1000
???. ??? 1000?????????? x1 = 10.11773, x2 = 4.52553???,???
? f(x1, x2) = 36.09850 ??? (? 2.15).
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? 2.15 ?????????????.? 50????????? 36????????.
2.3.6 ??????
4??? GA???????,??????,???????????????. ???
???,??Message Passing Interface (MPI)?????.
2.3.7 Message Passing Interface (MPI)
MPI??,?????????????????????????? [62]. MPI???
????, 1CPU????????????????????,???????????
??????.??????????,?????????scalability?????????
???. ??????????, ?????????????????????????
?????????. MPI????????????,???????????????
??????. ??,??????????????????,????????????
??????? [63].
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MPI?????
MPI???????????,?????????????????????????
???.
• ??????
MPI????????????, MPI Init, MPI Comm rank, MPI Comm size,
MPI Finalize ?????.
• 1? 1??
????????, ?????????????????. ??????????
MPI???, 1? 1????????????.?????MPI??, 1? 1??
???????????, ??????????????. 1? 1?????, ??
?????? 2???.
– ??????? (blocking type)
????????,??????????????????????????
?????. ????,????????????????????????
??????????????. ????,???????????????
??????????????????????????????????
(?????????)??????????????????????,??
???????????????,???????????.???, ????
??????????????????????????????????.
MPI Send, MPI Recv?????.
– ????????? (non-bloking type)
??????????,????????????????????????
?????????.?????????????????????????
???????????????. ??, ????????????????
???????????????????????????????????
???????????????. ??, ????????????????
?????????????????. ???, ?????????????
???,???????????????????? (MPI Wait)?????
?????. ????????????MPI Isend, MPI Irecv??????
?. ?????,???????????????.
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MPI????
2.3.7????????MPI????????????????.?????????
????, ????????????? rank???. MPI?mpich2 [64]????, C?
??????.??????????????.
Listing 2.1 MPI Hello.c
#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include <mpi.h>
#define LEN 300
int main(int argc, char∗ argv[]){
int my rank;
char message[LEN];
MPI Init(&argc, &argv);
MPI Comm rank(MPI COMM WORLD, &my rank);
if(my rank != 0){
sprintf(message, "Hello,␣my␣process␣rank␣is␣%d",
my rank);
MPI Send(message, strlen(message)+1, MPI CHAR, 0, 0,
MPI COMM WORLD);
}
else{
int process num;
int source;
MPI Status recv status;
MPI Comm size(MPI COMM WORLD, &process num);
for(source = 1; source < process num; source++){
MPI Recv(message, LEN, MPI CHAR, source, 0,
MPI COMM WORLD, &recv status);
fprintf(stdout, "%s\n", message);
}
}
MPI Finalize();
return 0;
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}?? MPI init() ? MPI ????????. ????????????????
rank ?????????. ?? rank ???????????. ????? rank ?
MPI Comm rank()?????.???, rank???MPI send()??????????,
MPI Recv()???????????. rank 0??????????????????,
????. MPI Comm size()?????????????.
Listing 2.2 execute
$ mpicc −o MPI Hello MPI Hello.c
$ mpirun −np 8 ./MPI Hello
???????????????,????. -np?????????????.???
8???????.??????????.
Listing 2.3 result
Hello, my process rank is 1
Hello, my process rank is 2
Hello, my process rank is 3
Hello, my process rank is 4
Hello, my process rank is 5
Hello, my process rank is 6
Hello, my process rank is 7
rank 0??????????????????,????.???? 8???????
??,??? rank 1∼7??????.
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? 3?
????????????????
????????????????
??????????
3.1 ????
???????????????????????????????????????
???????? [18]??????????????????? [65]??? [66]???
???????????? [67]?????????? [68]??????????????
??????????????–????????????????? (LTD) ????
??????? [69]????????????????????? [70–74] ??????
? [75]?????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????? [76,77]?
???????????????????????????????? [60]??Taga
?????????????????? [44] ???????2 ???????????
????????????????????????????????Morton? [40]?
Choi? [78]??????????????????????????????????
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???????????????????????????????????????
??Jayaram? [79]?????????? (tDCS)????????????????
???????????????????????????????????????
?????????????????? [80, 81]?Fujiki? [82]? 2?????????
?????????????????????????????? 1?????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????? [37,83,84]??????
3.2 ??
???????????????????????????????????????
(? 3.1)??????????????
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(x1, x2)
(x3, x4)(x6, x7)
(x12, x13) (x9, x10)
x14
x8
x11
x5 l1
l2
m1
m2
M
筋骨格系モデルCPGモデル
小脳モデル
y4 CNl(t)
股関節CPGの出力
小脳核の出力
yi
各CPGの出力
足底接地タイミング
Feedi
感覚フィードバック
(足底接地は65ミリ秒の遅れ)
(予測された足底接地タイミング)
u1u3
u2
u7
u8
u11
u12
u6
u5
u10
u9
(A)(B)
(C)
u4
y2
CN
PN
IO
プルキンエ
細胞 
小脳皮質
橋核  
苔状線維 
登上線維
下オリーブ核  
分子層介在ニューロン
　　　　－　zj(t)Σj
プルキンエ
細胞　　 
分子層介在ニューロン
　　　　－　zj(t)Σj
CN
ゴルジ細胞 W  
IO
登上線維
小脳核
顆粒細胞 zj(t)
Fg2Fg4
  IO(t-tdelay)
(65ミリ秒遅れ)
IO(t-tdelay)
下オリーブ核
I(t)
CNr(t)
(xl, yl) (xr, yr)
PCr(t) 
PCl(t) 
? 3.1 ????–CPG–?????????????. ??????(A) ?????
???? [44]?(B) ????????? CPG??? [44]?(C) ????? [60]??
???(A) ??????????????????????? 4 ?????????
??????????? 6 ???????(x1, x2) ???????????(x3, x4)?
(x6, x7)?????????????(x9, x10)?(x12, x13)?????????????
(xr, yr)?(xl, yl) ???????????x5, x8 ???????????x11, x14 ?
????????????????????M ????????l1 ???????l2
???????m1 ???????m2 ?????????????????(B) CPG
?????????? 2????????????????????????????
?????????????????????????????? yi ???????
???????????????????????.???????????????
y2, y4 ??????????, ????????????. ????????????
????????? (Feedi)?????, ?????????????.???,???
????? 65?????????. (C) ???????????????? CPG?
?? y2, y4 ???????? 65??????????????????? Fg2, Fg4
???????????????????????????. ???????????
(CNr(t), CNl(t))? Feedi ????, CPG???????????????????
?????????????????????????
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3.2.1 ?????
???????? 2?? 2????????????????? Taga ??? [44]?
??? (? 3.1A)???????????????? CPG?????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????CPG????????????
????????????????????????????????????????
?????????????????????????
???????????????????????? [44, 45]. ???????? A.2
???. ???????????????????.
x¨ = P (x)F+Q(x, x˙,Tr(y),Fg(x, x˙)), (3.1)
????x ???? 4 ??? 1 ?????? 4 ????????? 14 × 1 ??????
P? 14× 8????F??????? 8× 1??????Q????????????
14× 1?????, Fg??????? 4× 1??????Tr(y)??????????y
?????????????????? 12 × 1??????????????????
? A.3???. x˙??? x??????? 1????x¨? 2?????????? Fg?
????????????.
Fg1 =
{
−kg(xr − xr0)− bgx˙r {yr < 0},
0 ????,
Fg2 =
{
−kg(yr − 0) + bgf(−y˙r) {yr < 0},
0 ????,
Fg3 =
{
−kg(xl − xl0)− bgx˙l {yl < 0},
0 ????,
Fg4 =
{
−kg(yl − 0) + bgf(−y˙l) {yl < 0},
0 ????, (3.2)
(xr, yr), (xl, yl) ????????????????. xr0, xl0 ?????, ??????
???????? xr, xl ?????. Fg1,Fg3 ?????????????, Fg2,Fg4 ?
???????????????????. kg, bg ????????????????.
???????????????????????????????????????.
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????????????????.
C(x)x¨ = D(x, x˙), (3.3)
C ? (8× 14)???, D? (8× 1)????????. ???????? A.4???. ?
(3.1)?? (3.3)??????,
F = [C(x)P (x)]−1[D(x, x˙)− C(x)Q(x, x˙,Tr(y),Fg(x, x˙))], (3.4)
????, F????????,? (3.4)?? (3.1)??????,
x¨ = P (x)[C(x)P (x)]−1[D(x, x˙)
− C(x)Q(x, x˙,Tr(y),Fg(x, x˙))]
+Q(x, x˙,Tr(y),Fg(x, x˙)),
(3.5)
?????.???? y????? 2???????????????????????
????????? A.5???.
CPG??????????????????????????2?????????
???????????? (2.6)???, 12??????????? CPG??????
?? (? 3.1B). ??,?????????????? (2.6)?????????????
????????????????????????????????? [44]. ????
?? (3.6)??????
τiu˙i = −ui +
12∑
i′=1
wCPGi,i′ yi′ − βvi + u0
+ Feedi(X, X˙,Cere(Fg(X, X˙),CNk (t)),
τ ′i v˙i = −vi + yi,
yi = max(0, ui),
Cere(Fg(X, X˙),CNk (t)) =

1.0 Fgx > 0 (x ∈ {2, 4}),
1.0 CNk(t) > 0 (k ∈ {l, r}),
0.0 ????,
(3.6)
??? ui ??? i??????yi ??? i????vi ??? i??????????u0
?????????????wCPGi,i′ ??? i′ ??????????????β ????
??τi ? τ ′i ??? i?????Feedi ?????????????????????Cere
????????????????????????. CNk(t) (k ∈ {l, r})??????
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????????????????? 2 ?????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????? A.6???.
3.2.2 ?????
???????????????????????????????????????
????????????????????????????????????????
? [85] ????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????Yamazaki??
????????????????????????????????????????
????????????????????????????????????????
????????????????????? [60] ?
???????????????????????????????????? 2??
??N ?????????????????????????????????????
(? 3.1C)?????????????? (2.7)?????, ?????,????? I(t)
? 2???????????. ???,??????????????????????
?, ?????????????????????????????. ?????? (3.7)
???????
zj(t) = [qj(t)]
+,
qj(t) = I(t)− 1
N
∑
j′
wGCj,j′
t∑
s=1
exp
(
− t− s
τGC
)
zj′(s− 1),
I(t) =

1 y2(t) > 0 ?? j ???,
1 y4(t) > 0 ?? j ???,
0 ????,
(3.7)
??? zj(t)??? t?????? j ??????????qj(t)???????????
qj(t)??? t?????????I(t)?????????????????????? j
??????????? CPG???????,?????????? CPG?????
???. ??,?????? CPG?????????? 1????????? 0????
wGCj,j′ ??? j′ ???? j ??????????????????????τGC ????
44
????????????? t?????????????? (2.8)????. ????
?????????????????????????, PCl(t)? PCr(t)? 2????
????. ? (3.8)??????
PCl(t) =
∑
j
wPFj zj(t)−
∑
j
zj(t) + PC (j ???),
PCr(t) =
∑
j
wPFj zj(t)−
∑
j
zj(t) + PC (j ???),
(3.8)
???, PCl(t), PCr(t)???, ??? 1?????????????????????
2???????????????????????????????????????
????????????????????????? 3?????????????j
?????? PCl(t), ????? PCr(t)???. ?????????????????
??????????????????????wPFj ????????????? j ?
??????????????????? (2.9)????. ????? PCl(t)? PCr(t)
?????????????????????, CNl(t), CNr(t)???.
CNl(t) =
{
1 PCl(t) < θPC ?? P˙Cl < 0,
0 ????,
CNr(t) =
{
1 PCr(t) < θPC ?? P˙Cr < 0,
0 ????,
(3.9)
????????????????????????????????????????
????????????????????????????????????????
???????? PCl(t), PCr(t)??????? θPC ???????????????
???? (3.9)?????CNl(t) = CNr(t) = 1??????????????????
???????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
?????????????????????????????? CPG???????
CNl(t)????????????, CNr(t)????????????????????
???. ???????????????????????????????????
CPG??????? [84,86]????????????? CPG???????????
?????????????????????? LTD???????????????
?????????? (2.10)????,??????????? (IO(t))???????
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?????. ????? wPFj ???????????
wPFj = max(1, w
PF
j
+ PFj(t)w
PF
j (IO(t− tdelay)× (−0.95)
+ (1− IO(t− tdelay))× 0.003)),
IO(t) =

1.0 Fg2 > 0??? j ???,
1.0 Fg4 > 0??? j ???,
0 ????,
(3.10)
PFj(t)????????????zj(t) > 0??? 1?????? 0????tdelay ???
????????????????????????????????IO(t)?????
?????????????????????? 1, ??????? 0??????wPFj
??????????????????????? (LTD)?????????????
?????????wPFj ???? 1??????????????? A.7???.
3.2.3 ???????????????????
???????????????????????????????? [87] ????
???????????????????? 10??????????????????
65????????????? 68????????????????????????
?????????????????????????????? Taga ??? [44] ?
????????????? u0????????????? phf?phe?pkf?pke?paf?pae ?
?????????????????u0?pae ???? 30%????phf?phe?pkf?pke?paf
???? 30%?????????????????????????????????
????????????????????????????????????????
??????? (3.6) ? CNl(t), CNr(t) ???? CPG ??????????????
???? CPG?????????????????????????????????
??????????????????????? (? 3.1)?????????? A.3?
?? A.6???.
3.2.4 ?????
???????????????????????????????????????
?? 12????1???????????????????????????????
????????
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3.2.5 ??????????
?????? 4?? Runge-Kutta????????????? 10?????????
????????????????????????????? (kg = 10000.0 N/m),
????????????????????. ??,????????? 1??????
???. ? 10????????????????????, ?????????????
???.
3.3 ??????????
??????????? 2???????????????????????????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
?????
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0
Distance[m]1 2 3 4 5
Distance[m]1 2 3 4 5
Distance[m]1 2 3 4 5
Distance[m]1 2 3 4 5
0
0
0
0
(d)
(c)
(b)
(a)
i t  [m]
 [m]
i t  [m]
 [m]
A
B
(C
(D
? 3.2 ??????????????. ????? (m)?????????????
???????????????????????????????????????
(A) ?????????? (B) ?????????. (C) ?????????? (D)
??????????? + ???????????
3.3.1 ????????????
???????????????????????????????????????
???????? (? 3.2A)?
? 3.3???????????????????????????? CPG?????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????? [60]?
? 3.4????????????????????????????????????
????????????????????????????????????????
48
?????????????????5??????????????????????
????????????????????????????????????????
????????? CPG??????????????????????
3.3.2 ?????????
??????????????????????????????????????
??? (? 3.2B)?
? 3.1 ???????????????.
1??????????????????12?????????????????
??????? ????????
??????? (cm)
?? 5.53± 0.45 6.89± 0.34
?? 5.38± 0.51 4.39± 0.43
??? ±????
3.3.3 ?????????
?????????????????????????????????? (? 3.2C)?
?????? 3.5 ???????????????????????????????
?????????????????????????? 3.1????????????
???????????????????????????????????????
????????? 1.5cm ????????????????????????????
?????????????????????? 25%??????????
3.3.4 ??????????? + ???????????
?????????????????????????? (????? phf 99%???
??? phe 99%)????? (? 3.2D)???????????????????????
????????????????????????????????????????
????? 96%??????? 85%??????
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? 3.5 ?????????. ???????? (A)????????? (B)????
(?)?? (?)???????????????????????????? 1???
???????????????????????????? [44]????????
???????????????????????????????????
3.4 ??
?????????????????????????????????????-
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????? 65?????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????? [37]????? [83]?
?????????????????????? 3.1????????????????
?????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
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???????? 2?????????????? [44, 88]??????????? 2
?????? [53, 54] ??2???????????????????????????
?? [48] ???????????????? [53, 54] ???????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????? [82]??????????
??????????????????????????? [60] ??????????
? [89] ????????????????????????????????????
??????????????????
???????????????????????????????????????
????????????????????????????????????????
???????? [90]??????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?? [91]????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????, ?????????????????, ????????????????
???? [18], ????????, ????????????????????????
???????, ???????????????????????.
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????
?????????????????????????????? [81] ??????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
?????????????????????????????,?????????
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????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????? CPG???????????????????,??
????????????????????????????????. ??????,
????????????????????????????????????????
?,??????????????????????????????.
???????????????????????????????????????
?????????? [37]????????????????????????????
????????????????????????????????????????
????????????????????????????????????? [83]
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????? [84] ???????????????????
????????????????????????????????????????
???????? [78, 92]????????????????????????????
????????????????????????????????????????
??????????
???????????????????????????????????????
????????????????????????????????????????
???????????1%???????????????????????????
??????????????????????????? [93]???????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????????????? [94] ??
???????????? [95] ?????????????????????????
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????????????????????????????? [96] ????????
????????????????????????????????????????
????????????????????????????????????????
? 4??????????????????????????????????????
????? [97] ????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????
3.5 ???
??????????–????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????
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? 4?
????? 2??????? motor
module??????
4.1 ????
????????????????, ?????? CPG ?????????? [98].
CPG??????????????????????? [99]. ??,??????–??
?????????, ????????????, ?????????????????
?. motor module?? [32,33]? CPG???,??????????????????
??????????????????????????. ?????????????
????????? motor module??????????????,????? 4???
5??motor module??????????????? [30,31]. ????motor module
???????????????????? [100]. ? 1??????????????
???, ? 2????????????????????????, ? 3???????
????????????????????. ? 4?????????????????
??????. ???????motor module????????????, motor module
???????????????? [34]. ??,??????????????????
motor module??????,???????????????? [34, 101, 102]. ???
???????????????????, ???,????? motor module????
????????, ??? 1?? motor module???????? [43, 101]. ?????
??? motor module???????????, ??????????????????
???????????? [34,35]. ??,?????????motor module?????
????????????????????? [103, 104]. ?????????????
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??,????????motor module????????????. ????,?????
???????,???????motor module????????????.
????????????,??? 2??????????????????????
?? [44–51]. ?????, ???????? CPG ????? 2 ?? 2 ???????
???, ???????????? motor module ????????????????
?????????. ????, 5?? motor module???????????????
??????????????. GA??????????????,????????
???????. ???,????????????????. Motor evoked potentials
(MEPs)????????????????????????? [105], ???MEPs?
??????????????????????????? [106]. ????,?????
??MEPs??????????????????????????. ????,???
??????????????. ???,?? GA???,????????????. ?
?, GA?? 2???????????????????. ???, (a)????????,
?????????????????????????? (b)??????????,?
??????? CPG????????. ??????,?????????.???,?
? (b)??? motor module?????????.
4.2 ??
4.2.1 ?????
??, ??, ?? (HAT), ??, ?????? 2 ?? 7 ??????????????
(? 4.1). ????????????????? 4.1???? [48].
? 4.1 ??????????
HAT ?? ?? ??
?? (m) 0.800 0.4165 0.418 0.066
?? (kg) 44.070 6.500 3.055 0.975
??????? (kgm2) 5.823 0.117 0.048 9.347× 10−5
??????????????????????????????. ???,???,?
???????????? 1.09, 3.17, 0.943 Nms/rad??? [49]. ??,???,???
????,????????????. ???,???????????????????
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2.0× 103Nm/rad, 5.0× 102Nms/rad???. ?????????,?????????
??????. ???????????????? 5.0 × 103N/m, 1.0 × 103Ns/m ??
?, ????? 2.5× 104N/m, 5.0× 102Ns/m???.
???????????????????????? [44, 45]. ???????? A.8?
??. ???????????????????.
x¨ = P (x)F+Q(x, x˙,Fg(x, x˙),Tr(F’m)), (4.1)
x ? 7?????????????? (21× 1)???, P ? (21× 12)???, F???
???????? (21× 1), Q???????????????? (21× 1), Fg????
????? (8× 1)???. Tr??????????? (6× 1)???. F’m?????
???? (18× 1)???,?????????????. ?????????? A.9??
?. ??? Fg??????????????.
Fgxrt =
{
−kgx(xrt − xrt0)− bgxx˙rt {yrt < 0}
0 ????,
Fgxrh =
{
−kgx(xrh − xrh0)− bgxx˙rh {yrh < 0}
0 ????,
Fgyrt =
{
−kgy(yrt − 0) + bgyf(−y˙rt) {yrt < 0}
0 ????,
Fgyrh =
{
−kgy(yrh − 0) + bgyf(−y˙rh) {yrh < 0}
0 ????,
Fgxlt =
{
−kgx(xlt − xlt0)− bgxx˙lt {ylt < 0}
0 ????,
Fgxlh =
{
−kgx(xlh − xlh0)− bgxx˙lh {ylh < 0}
0 ????,
Fgylt =
{
−kgy(ylt − 0) + bgyf(−y˙lt) {ylt < 0}
0 ????,
Fgylh =
{
−kgy(ylh − 0) + bgyf(−y˙lh) {ylh < 0}
0 ????,
(4.2)
(xrt, yrt), (xrh, yrh), (xlt, ylt), (xlh, ylh) ????????????????????.
xrt0, xrh0, xlt0, xlh0 ?????, ?????????????????????????
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? xrt, xrh, xlt, xlh ?????. Fgxrt, Fgxrh, Fgxlt, Fgxlh ?????????????,
Fgyrt, Fgyrh, Fgylt, Fgylh ????????????????????. kgx, bgx ? kgy,
bgy ??????????????????????????. ???????????
????????????????????????????.
????????????????????.
C(x)x¨ = D(x, x˙) (4.3)
C ? (12× 21)???, D? (12× 1)????????. ???????? A.10???.
? (4.1)?? (4.3)??????,
F = [C(x)P (x)]−1[D(x, x˙)− C(x)Q(x, x˙,Fg(x, x˙),Tr(F’m))] (4.4)
????, F????????,? (4.4)?? (4.1)??????,
x¨ = P (x)[C(x)P (x)]−1[D(x, x˙)
− C(x)Q(x, x˙,Fg(x, x˙),Tr(F’m))]
+Q(x, x˙,Fg(x, x˙),Tr(F’m)).
(4.5)
?????.??????? F’m?????, 2??????????????????
?????????????? A.11???.
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Pattern Formation (PF)
筋骨格システム
フィードバック
反射ループ
HAT
大腿
下腿
足部
① ②
③
④
⑤
⑥
⑦
⑧
⑨
CPG
神経システム
CPGループ
Rhythm Generator (RG)
Motor ModulesMotor Modules
左 右
? 4.1 ????????????????. ??? ??????. ???, 1, ??
? (GM); 2, ??? (IL); 3, ??????? (BFL); 4, ???? (RF); 5, ????
??? (BFS); 6, ???? (VA); 7, ??? (GC); 8, ???? (SO); 9, ????
(TA) ???. ??,??,??????? HAT???. ??: ??????. Rhythm
Generator (RG) ??????? Pattern Formation (PF) ???????????
?? CPG???. RG??, 4???????? 2? (??????)????,??
???????????????. ?????????, PF ???????????
? 5?? motor module????? (???????????????????). ?
?, RG???? 2??????? (??????)???????, PF??????
?????? 5??motor module????? (??????????).
4.2.2 ????
??????? 9 ?, ? 18 ???????? (? 4.1A). ???????????
(GM), ??? (IL), ??????? (BFL), ???? (RF), ??????? (BFS), ?
??? (VA),??? (GC),???? (SO),???? (TA) ???.?? α??????
????????,????–??,????–?????????????.? (2.5)??
??????? [46].
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F ′m = F¯
CE
m · k(ξm) · h(ηm) · αm + FPDm + FPEm ,
k(ξm) = 0.32 + 0.71 exp[−1.112(ξm − 1)] sin[3.722(ξm − 0.656)],
h(ηm) = 1 + tanh(3.0ηm),
FPDm = c
PD
m L˙m,
FPEm = k
PE
m {exp[15(Lm − L¯m)]− 1},
(4.6)
F ′m ??????????, m???????? (m = 1, ..., 18). F¯CEm ????? (CE)
????????, k(ξm)?????-????, h(ηm)?????-????, αm ? α?
??????????????? (0 ≤ αm ≤ 1), FPDm ? FPEm ???????????,
ξm ? ηm ?????????? L¯m ??????????????????????.
ξm = Lm/L¯m, ηm = L˙m/
¯˙Lm ???, Lm, L˙m, ¯˙Lm ?????????, ????,??
?????????. cPDm ?????, kPEm ????????. ???????????
A.1???.
4.2.3 ?????
Matsuoka???????? (? (2.6))????, ?????Rhythm Generator (RG)
????????????Pattern Formation (PF)???????????? 14???
?????? CPG??? [25]????? (? 4.2). ?????????????
τiu˙i = −ui +
n∑
i′=1
wCPGi,i′ yi′ − βvi + uθi + Feedi,
τ ′i v˙i = −vi + yi,
yi = max(0, ui).
(4.7)
ui ? i???????????? (1 ≤ i ≤ 14), vi ? i???????????????
?, τi, τ ′i ????, β ? vi ???, wCPGi,i′ ? i′ ????????? i ????????
????????. uθi ????????, Feedi ??????????????????
??. RG??????????????? 4??Matsuoka??????????, ?
???????. ??, PF ??????????????????? 5 ?? Matsuoka
???????????????,?????????? 5?? motor module????
?. 5 ?? motor module ????????, RG ?????????????, ???
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????????????????? (? 4.2B). ????????? A.12 ???. PF
??????????? α??????????,???????. α????????
????,????????????????????????????????. α ?
????????? αm (1 ≤ m ≤ 18)?????? Reflexm ???????????.
αm = w
condition
m
1
1 + exp(−4(∑5n=1 wαm,nPFn +Reflexm)) , (4.8)
Reflexm =
{∑
n′(cm,n′θn′ + c
′
m,n′ θ˙n′) + POSm Fg > 0,
0 otherwise,
(4.9)
wconditionm , w
α
m,n, cm,n′ , c
′
m,n′ ????????, PFn ? PF ???????????.
θn′ ?????? (n′ ∈ {hip, knee, ankle} ), POSm ?????, Fg???????. ?
?????????? A.13???.
???????, 2 ?????????????? CPG ????????????, ?
???????????????????????????????????????,
??????????????????????????? [48, 49, 107]. ??????,
RG?????????????, PF?????????????????, ?????
???????????. ????,??????????????????.
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? 4.2 ??????? CPG???. (A) Rhythm Generator (RG) ???????
Pattern Formation (PF) ?????????. ?????????????????
??????? RG ?? PF ???????. (B) RG ? PF ??????. RG ?
2 ???????? PF ????????????? 5 ?????????????.
RG?????????? (???)?????, PF???????????. 1??
PF?????? 1??motor module???. ?????????????.
4.2.4 ???????
???????????? 56??????? (wαm,n, cm,n′ , c′m,n′ , POSm, Feedi) ?
?????,?????????????????????. ???, GA [108]????
??????????????. ??????????????.
wdD + wsS → max (4.10)
wd, ws ?????, D?????????????????????. S ???????
???. ??? 50?????????????. 0.7???? 1???, 0.1?????
??????????????. ???????????? 5??? 2????????
??????. ??,???????????????????,??? GA?????.
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4.2.5 ??????????
????? GA ????, 56 ???????????????????. ???, ?
(4.8) ????, wconditionm = 1.0 ?????. ????????????, ?????
????????????????. ??, m = 1, · · · , 6 ????, wconditionm = 0.8,
m = 7, 8, 9 ????, wconditionm = 0.6 ????, ?????????????? MEPs
??? [106]?????????. ???,???????????????????, 2
??????????????????????. 1 ???????????????
?????????????, 28????????? (cm,n′ , c′m,n′)? GA???,??
???. ???????????????. ???????????????????
??????????????????, 48 ?? CPG ??????????????
(Feedi) ? GA ???, ?????. ????? CPG ????????. ??????,
??????????, motor module???????????????.
4.2.6 ???????????
GA ????????????? Message Passing Interface (MPI) ???????
?. ????????? C?????,?????? 4?? Runge-Kutta??????.
?????? 0.1??????. ??????? [44–46, 48] ??????,??????
?????????. ???, ????????????????? HAT ??????
??????,????????. ???????? HAT?????????????.
???????????????, 1.0× 103, 1.0× 102 ???. ???????????,
??????????????????????. ???????????????,?
???????????????motor module????????.
4.3 ??
4.3.1 ???????????
GA? 3000???,???????????? 2???????? (? 4.3A). ???
??????????? A.14.1???. ?????????????????? 2??
????????. ? 4.3B???????. ??? (IL)??????????????,
??? (GM), ???? (VA) ????????????????. ???? (TA) ??
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???????????????????????. ???? (SO)???? (GC)??
???????????????. ????????????????????????
????? [31]. ? 4.3C?????????. ??????????????????
???? [31]. ????????,????????????????, 55.6%, 54.5%?
???. ?????????????????????????. ??????, ???
????????????????????????????????. ???, ??
?????????? (RF)?????????????????????, ??,???
??????????.
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? 4.3 ???????. (A) ????????????. 0.1 sec ???????
????. (B) ???? (??)???????? (??). ????????????
???????,??????????????????. ????????????
??????. (C)?????????????.??????,??????????
???. HC????, TO????????????.
4.3.2 ????????????
???????????????, ??????????????????????.
???,???????????????????,???????????. GA???,
????????????? 200???,???????????????? (? 4.4A).
??????????????? A.14.2???. ??, GA? CPG?????????
??, 1000???, CPG?????????????? (? 4.5A). ?????????
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?????? A.14.3???. ???????????,???????????????
???? (? 4.4A). ????????????? (???)?????????????
????? IL, SO, GC ?????????? (? 4.4B). ???, IL, GM, RF, VA,?
?????? (BFS), TA????,????????????????????. ???
?????? (?????)?????????????? (? 4.4C). ????????,
????????????????, 60.9%, 50.9%????. ????????????
?????????????????. ??, CPG?????????????????
????????????? (? 4.5A). ????, CPG??????????????
??????. ????? (???)?????????????????? VA, TA, ?
?????? (BFL) ????????????. ???, GM, RF, BFS ??????
??????????????????. ?????????????????????
??????????????. ??, VA, BFL, TA, SO, GC????,???????
???????????? (? 4.5B). ???????????,????????? (?
????)????????? (?: 49.9%,?: 75.2%). ??????????????
(? 4.5C).
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? 4.5 CPG ?????. (A)CPG ???????????????. (B) ????
????????.?????? CPG?????, ???????????????.
????????????, ??????????????????????????,
????????????????????????. ??????????????
????. (C)?????????????.??????,????????????
?. ??? CPG ?????, ?????????????. ???????????
????,?????????????. ????????,????????????
???.
4.3.3 ??????????????????
???????????????????????????????, angle–angle?
?? 4.6 ????. ??????????????? (? 4.6A) ???????? (?
4.6B)???????. ??, CPG????? (? 4.6C)?????–???,???–?
??????????????. ???, CPG???????????????????
?????????????. ?????????????????????????.
??????????????,????????????????????, ??,??
???????????????? [109]. ????????????????????
??????.
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0
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0 π/2－π/2
J
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g
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Joint angles [rad] Joint angles [rad]
(A)
Knee-Hip
Ankle-Hip
Ankle-Knee
? 4.6 ????????????? (??: ???,??: ???). (A), (B), (C)?
???????,???????, CPG???????????????. ??,??,
??????? (radian)???,???????????????????????.
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4.3.4 ??????????? motor module???
???,???????????????????,?? 5???? motor module?
???????. ? 4.7A ???????????, ??? motor module ??????
???????????????.????, 1 ?????????????. ??,? 5
motor module (????????)????? 1 motor module (??????????)
????????????????. ? 4.7B???????????,????????
??? motor module? 1?????????????. ??????,???????
? 2 motor module?????????????, ?????????. ? 4.7C? CPG
????????,??????????? motor module? 1???????????
??. ???,??? (?)???? 1 motor module?????????????, ??
???, ??, ?? motor module ?????????. 2 ?? motor module ????
?,???????????????, ? 2,? 3 motor module,? 3,? 4 motor module,
? 4, ? 5 motor module ?????????????????????? (? 4.8). ?
??????? CPG???????????? (? 4.8B). ?????, CPG????
???, motor module????????, ??? 1???????????????,?
????????????????. ??????,?????? motor module???
????????????????????. ???????????,???????
????,??,? 4 motor module????????????, ???????????
?????? (? 4.8C). ???????????????? (FWHM)?,??????
?,???????, CPG??????????, 12.467, 13.730, 13.528????. ??
??, CPG????????? motor module??????????????????
?, ?????????????????. ????????,???????? CPG?
????? motor module?????????, ???????? 1?????????
?????????????. ?? motor module????????? (?)?????
???,????????????????????????????.
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(B)
? 4.7 ???????? motor module?????? (??: ???,??: ???).
(A), (B), (C)????????,???????, CPG?????????????
??. ????? (sec)?,????? (?????)???. ???????????
???????????????.
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? 4.8 motor module?????????. (A) motor module?????????
?. 1 ?????? 1 ??? 5 motor module ??????????. ??????
???????????????, 1 ????? 2pi (??) ??????. ? motor
module ????????????, ???????????????? (? 3, ? 4
motor module??????????). (B) ????????? 3????????
??????. ???? motor module ???, ????? (?????) ???. ?
?, ??, ??????????????, ???????, CPG ?????????
??. (C) 3????????,? 2,? 3,? 4 motor module??????????
?????. ??,??,??????????????,???????, CPG???
????????.
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4.4 ??
?????????????? 2???????????????????. 7???,
18???????? RG, PF??????? CPG????????????????
???????????. ???????????????????, GA??????
???????????????,????????. ??????????,?????
?? [106]??, ????????????????????. ????,???????
??????. ??????????????, 2 ?????????. 1 ??????
????????????????????????. ???????????????
??,?????????,?????????????????????. ??????
?,??????????????????. ??, motor module??????????
???????????????????, ????????????, ???????
?????. ?? 1????? CPG???????????. ???????????
??,?????????????????????. ?????????,???motor
module ??????????, ???????????????????????. ?
?????, motor module????????, 1??????????????????
????. ???????,???????????????????????????
?????, motor module??????????????,?????????????
??????????. ??,???????????????????, motor module
????, ????????????????????????????? (? 4.9). ?
??????????????????? [42, 43].
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フィードバック
反射ループ
CPG
CPGループ
亜急性期
慢性期
Motor Modules Motor Modules
? 4.9 2??????????????. ??????????????????. ?
??????????? 2??????????, ?????????????motor
module?????????? [42]. ??? CPG?????????????. ??
? motor module????????????,???,??????????????
???, ?????????? CPG?????????????? [43].
4.4.1 ???????
??????????????? [44–46] ? CPG ??? [48, 49, 51] ??????
?. ???????????????????, ????? 56 ???????????
??????. ???????????????????? [48], ???? [107, 110],
GA [46, 47]??????????. ??, Aoi et. al. (2019)????????????
CPG?????????????????? [52]. ???, 69???????????
????????. ?????, GA ????, ??????????????????
????????. GA? 56??????????????????????????.
????,?????????????????????? (? 4.3A), ????????
????????????? [31].
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4.4.2 ???????
?????????????????????,???????? CPG?????, 2
?????????. ???????????,????, motor module???????
????????. ??,????????????,???????motor module??
???????. ???????????????. Allen et al. (2013)???????
?????????????????, motor module???????????????
??????????? [50]. ??,?? motor module??????????????
????????????????. ??????,????????????? motor
module????????????????????. ?????,????? CPG??
???????????????????, motor module?????????????
?. ???,??????????????????????????????. ??,?
???????? motor module???????????????. ?????????
??????? motor module???????????????????? [42]???
????????. ?????,?????????????????????,????
?????????????????????. ??????????????????
??,?????????????????? [26]. ????,????????????
?????. ?????????,????????????????????????
??????????, ??,???????? CPG????????????????
??????????? (? 4.9).
4.4.3 ??????????
CPG??? 2????????????????????????????. ???
CPG ????????????????????????, ????????????
??????????????? [44, 45, 49, 107, 110–112]. ???,?????????
??????????????????, ????????????????, ????
???????????????????. ?????,??????????????
???, ????????????, ???????????????????????
??????????????????. ??????,??????????????
???,????????????????????,??,?????????????
??????. ??, CPG?????????,??????????????????
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????? motor module ???????????????????. ???????
?,???????,???????????,??????????????, ????
????????????????????????.
4.4.4 ??????????????????
??????????????????????????????????????
? [113]. ????, ??????????????????????????????
? [114–116]. ??, Khan et al. (2018) ???????????? (fNIRS) ???, ?
?????????????????????????????? [116]. ??????
???????????????,????????????????????????
???. ???,??????????, fNIRS?????????,?????????
???????????. ????????????????????. ???????
????? fNIRS??????,????????? CPG????????. ????
??????,??? CPG????,???????? fNIRS???????????
??????????.
4.4.5 ??????
???????????????? 2?????, CPG?????????????
???. ?????,?????? 3???????????? [117]?, ???????
??????????????????. ???,?????????????????
?????,???????? 2??????????????????????.
4.4.6 ?????????????
Hashiguchi et al. (2016) ??????????? motor module ?? 1 ?????
????????????,??? motor module?????, ???????????
?????????????????????????????? [103]. ??????
??????, ??????????????????????, CPG ???????
????????????????????????????. ?????,?????
?????? motor module???????, CPG??????? motor module??
??????????????????????. ??, ?????????????
??????????????? [118–121] , ?????????,?????????
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? [122–124]. ?????????????????????????,??, ?????
??????????????, motor module??????????????????
???? [104]. ?????motor module???????,?????????????
?????. ?????????,??????????????????,??????
????????????????????.
4.5 ??
????, ?????????, ???????? motor module ?????????
??????. ????????????? 2??????????, ????????
????,?????motor module????????????. ???,???????
????????????????????????????????????. ???
????, ?????????, ??????? motor module ???????????
????, ?????????????????????????????. ???, ?
???????????????????,???????????????????.
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? 5?
??
?????, ??????????????????????????-???????
??, ????????????? 2????????????????. ??????
?????????????, ??????????????????????????.
???, ????????????????????????????????????
?????, ????????????????????.
?? 2 ???, ??, ?????????????????????????????.
??,??????????????????????????????????. ??
?????????????,??????????????? CPG????????
??????????. ??,?????????????????????. ???,?
????????????????????. ?????????????, ????,
CPG???,?????, GA, MPI????????????????.
?? 3 ???, ????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
???????????????????????. ????????????????
????????????????? 65?????????????????????
??????. ????????????????????????.?????????
????????????????????????????. ???????????
????????????????????????????????????????
???????????. ????????????????????????????
???????????????????????????????????????.
????????????????????????????????????????
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???????????????????????. ????????????????
?????1%????????????????. ????????????????
????????????????????????????????????????
????????????????????????????????. ???????
????????????????????????????????????????
???????.
?? 4???, ?????????? 2???????????????????. 7?
??, 18 ???????? RG, PF ??????? CPG ?????????????
??????????????. ???????????????????, GA???
??????????????????, ????????. ??????????,??
????????,????????????????????. ????,??????
???????. ??????????????, 2?????????. 1??????
?????????????????????????. ??????????????
???,?????????,??????????????????????????.
???????,??????????????????. ??, motor module????
?????????????????????????, ????????????, ?
???????????. ?? 1?????? CPG???????????. ????
?? (CPG)???????,??????????????????????????.
?????????,????? motor module??????????, ???????
????????????????. ??????, motor module????????, 1
??????????????????????. ???????,?????????
???????????????????????, ????????????????
???, motor module??????????????. ??,??? (CPG)?????
??????????,?????????????????? motor module????
????????. ??,?????motor module???????,?????????
??????. ????,??????????????????,??????????
?????????????????????.
????????,??????????????????? 2???????????
??????????????????. ???????,?????????????
???????????????????, ?????????. ????,??????
???????????????,???????????????????. ???,?
???????????????????????,????????????????
?????. ???,?????????????????,?????????????
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??????????????. ?????, 2??????????????????
?,??????????????????????????????????????
??. ???,????????????????,?????????????????
??????. ???????????????????,?????????????
??.
??????????, ??????????????????, ?????????
????????????????????.
?????,??????????????????????????????????
???????, ???????????????????????????. ????
???????????????? 3??????? [47]?,????????????
????? [76, 125] ? CPG ??? [25] ??????????, ??????????
??, 3??????????????????????????. ????????,?
????????????????????????? [126,127],???????. ??
?, ?????????????,
1. ??????????????
2. ?????????????????????
3. ??????????????????????????????????
? 3???????????.?? 3???????????,???????????
?????????????????????, ?????????????????,
??????????????????????????????????.
????, ???????????????????, ???????????????
????????. ?????????????,?????????????????
???. ????????????????????????????????????
?,????????????. ?????????,??????,?????????
????????????????????????. ??????,????????
???????????????. ????????????????????????
??????????????????, ???????????????. ????
???????????,????,????,??,??,??????????????
????????????????????. ?????,?????????????
???????,????????????????????????????????
???????????????. ????????????????????????
?????????, ???????????????, ?????,?????????
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????????????????. ??????????????,????????
???, ???????????????????. ???????,?????????
???????????, ???????? QoL??????????????. ???
??????????????????????????????, ?????????
?????????.
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??
????????????????????????????. ???????,??
??????,??????????????? ??? ???????? ??????
?????????. ???????????????,??????????????
??????????, ???????????. ???????????????,??
???????????????????????? ??? ???????? ????
??, ?????, ???????, ?????? ??? ??????????? ???
??????????????. ?????????????????????????
??????????????????. ?????????????????????
????????????????????. ???????????????????
???.
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??
A.1 ?????????? [46]
F¯CE1 = F¯
CE
10 = 1100 N, F¯
CE
2 = F¯
CE
11 = 1100 N, F¯
CE
3 = F¯
CE
12 = 2750 N, F¯
CE
4 =
F¯CE13 = 1800 N, F¯
CE
5 = F¯
CE
14 = 1000 N, F¯
CE
6 = F¯
CE
15 = 7300 N, F¯
CE
7 = F¯
CE
16 =
1150 N, F¯CE8 = F¯
CE
17 = 2150 N, F¯
CE
9 = F¯
CE
18 = 1650 N, c
PD
1 = c
PD
10 = 0.00275 Ns/m,
cPD2 = c
PD
11 = 0.00275 Ns/m, c
PD
3 = c
PD
12 = 0.00275 Ns/m, c
PD
4 = c
PD
13 = 0.00300 Ns/m,
cPD5 = c
PD
14 = 0.00200 Ns/m, c
PD
6 = c
PD
15 = 0.00300 Ns/m, c
PD
7 = c
PD
16 = 0.00275 Ns/m,
cPD8 = c
PD
17 = 0.00200 Ns/m, c
PD
9 = c
PD
18 = 0.00200 Ns/m, k
PE
1 = k
PE
10 = 9.10,
kPE2 = k
PE
11 = 5.85, k
PE
3 = k
PE
12 = 4.10, k
PE
4 = k
PE
13 = 5.40, k
PE
5 = k
PE
14 = 1.60,
kPE6 = k
PE
15 = 6.80, k
PE
7 = k
PE
16 = 8.25, k
PE
8 = k
PE
17 = 6.50, k
PE
9 = k
PE
18 = 1.30,
L¯1 = L¯10 = 0.30 m, L¯2 = L¯11 = 0.35 m, L¯3 = L¯12 = 0.46 m, L¯4 = L¯13 = 0.48 m,
L¯5 = L¯14 = 0.29 m, L¯6 = L¯15 = 0.26 m, L¯7 = L¯16 = 0.56 m, L¯8 = L¯17 = 0.35 m,
L¯9 = L¯18 = 0.30 m. L˙m = 0.00003 m/s.
A.2 3???????
Mx¨1 = F1 + F3,
Mx¨2 = F2 + F4 −Mg,
m1x¨3 = −F1 + F5,
m1x¨4 = −F2 + F6 −m1g,
I1x¨5 = −F1(l1/2) sinx5 + F2(l1/2) cosx5
−F5(l1/2) sinx5 − F6(l1/2) cosx5
−b1|x5 − pi/2|x˙5 − {b2 + bkf(x5 − x11)} (x˙5 − x˙11)
kkh(x5 − x11) + Tr1 + Tr3,
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m1x¨6 = −F3 + F7,
m1x¨7 = −F4 + F8 −m1g,
I1x¨8 = −F3(l1/2) sinx8 + F4(l1/2) cosx8
−F7(l1/2) sinx8 − F8(l1/2) cosx8
−b1|x8 − pi/2|x˙8 − {b2 + bkf(x8 − x14)}(x˙8 − x˙14)
kkh(x8 − x14) + Tr2 + Tr4,
m2x¨9 = −F5 + Fg1,
m2x¨10 = −F6 + Fg2 −m2g,
I2x¨11 = −F5(l2/2) sinx11 − F6(l2/2) cosx11
−Fg1(l2/2) sinx11 − Fg2(l2/2) cosx11
−{b2 + bkf(x5 − x11)} (x˙11 − x˙5)
kkh(x5 − x11) + Tr3 + Tr5,
m2x¨12 = −F7 + Fg3,
m2x¨13 = −F8 + Fg4 −m2g,
I2x¨14 = −F7(l2/2) sinx14 − F8(l2/2) cosx14
−Fg3(l2/2) sinx14 − Fg4(l2/2) cosx14
−{b2 + bkf(x8 − x14)} (x˙14 − x˙8)
kkh(x8 − x14) + Tr4 + Tr6,
f(x) = max(0, x), h(x) =
{
1.0 {x ≥ 0}
0.0 ????.
???????? (xr, yr), (xl, yl) ??????.
(xr, yr) = (x9 + (l2/2) cosx11, x10 − (l2/2) sinx11),
(xl, yl) = (x12 + (l2/2) cosx14, x13 − (l2/2) sinx14).
????? 2.10A, ??????????? A.5???.
A.3 3???????
Tr1 = p
h
ey2 − phfy1,Tr2 = phey4 − phfy3,
Tr3 = p
k
ey6 − pkfy5,Tr4 = pkey8 − pkfy7,
Tr5 = (p
a
ey10 − pafy9)Cere(Fg2,CNl(t)),
Tr6 = (p
a
ey12 − pafy11)Cere(Fg4,CNr(t)).
83
??????????????.
phf = 9.75, p
h
e = 55.25, p
k
f = 9.0, p
k
e = 9.0, p
a
f = 60.0, p
a
e = 75.0.
A.4 3????????
x1 = x3 − (l1/2) cosx5,
x2 = x4 + (l1/2) sinx5,
x1 = x6 − (l1/2) cosx8,
x2 = x7 + (l1/2) sinx8,
x3 + (l1/2) cosx5 = x9 − (l2/2) cosx11,
x4 − (l1/2) sinx5 = x10 + (l2/2) sinx11,
x6 + (l1/2) cosx8 = x12 − (l2/2) cosx14,
x7 − (l1/2) sinx8 = x13 + (l2/2) sinx14,
??? 2????,????.
x¨1 − x¨3 − (l1/2) sinx5x¨5 = (l1/2) cosx5x˙25
x¨2 − x¨4 − (l1/2) cosx5x¨5 = −(l1/2) sinx5x˙25
x¨1 − x¨6 − (l1/2) sinx8x¨8 = (l1/2) cosx8x˙28
x¨2 − x¨7 − (l1/2) cosx8x¨8 = −(l1/2) sinx8x˙28
x¨3 − (l1/2) sinx5x¨5 − x¨9 − (l2/2) sinx11x¨11 = (l1/2) cosx5x˙25 + (l2/2) cosx11x˙211,
x¨4 − (l1/2) cosx5x¨5 − x¨10 − (l2/2) cosx11x¨11 = −(l1/2) sinx5x˙25 − (l2/2) sinx11x˙211,
x¨6 − (l1/2) sinx8x¨8 − x¨12 − (l2/2) sinx14x¨14 = (l1/2) cosx8x˙28 + (l2/2) cosx14x˙214,
x¨7 − (l1/2) cosx8x¨8 − x¨13 − (l2/2) cosx14x¨14 = −(l1/2) sinx8x˙28 − (l2/2) sinx14x˙214.
??????????? A.5???.
A.5 3??????????????? [44]
M = 48.0 kg, m1 = 7.0 kg, l1 = 0.5 m, I1 = 0.146 kgm
2, m2 = 4.0 kg, l2 = 0.6 m,
I2 = 0.120 kgm
2, b1 = 10.0 Nm/rad, b2 = 10.0 Nms/rad, bk = 1000.0 Nm/rad, kk =
10000.0 Nm/rad, kg = 10000.0 N/m, bg = 1000.0 Ns/m, g = 9.8 m/s
2
.
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??????????????????.
x1 = 0.0, x2 = 1.09, x5 = x11 = 0.45pi, x8 = x14 = 0.57pi, x3 = x1 + (l1/2) cosx5,
x4 = x2− (l1/2) sinx5, x6 = x1+(l1/2) cosx8, x7 = x2− (l1/2) sinx8, x9 = l1 cosx5+
(l2/2) cosx11, x10 = x2 − l1 sinx5 − (l2/2) sinx11, x12 = l1 cosx8 + (l2/2) cosx14,
x13 = x2 − l1 sinx8 − (l2/2) sinx14.
A.6 3?? CPG????????? [44]
u0 = 5.75, τ1, · · · , τ4 = 0.05 sec, τ ′1, · · · , τ ′4 = 0.60 sec, τ5, · · · , τ12 = 0.025 sec,
τ ′5, · · · , τ ′12 = 0.30 sec, β = 2.5,
wCPGi,i′ =

−2.0 (i, i′) ∈ {(1, 2), (2, 1), (3, 4), (4, 3),
(5, 6), (6, 5), (7, 8), (8, 7),
(9, 10), (10, 9), (11, 12),
(12, 11)} ,
−1.0 (i, i′) ∈ {(1, 3), (3, 1), (2, 4), (4, 2),
(6, 1), (6, 2), (8, 3), (8, 4),
(10, 1), (10, 2), (12, 3),
(12, 4)} ,
0 ????.
?????????? CPG???????????????????????.
Feed1 = a1(x5 − pi/2)− a2(x8 − pi/2) + a3(x11 − pi/2)Cere(Fg2,CNl(t))
+a4Cere(Fg4,CNr(t)),
Feed2 = a1(pi/2− x5)− a2(pi/2− x8) + a3(pi/2− x11)Cere(Fg2,CNl(t))
−a4Cere(Fg4,CNr(t)),
Feed3 = a1(x8 − pi/2)− a2(x5 − pi/2) + a3(x14 − pi/2)Cere(Fg4,CNr(t))
+a4Cere(Fg2,CNl(t)),
Feed4 = a1(pi/2− x8)− a2(pi/2− x5) + a3(pi/2− x14)Cere(Fg4,CNr(t))
−a4Cere(Fg2,CNl(t)),
Feed5 = a5(pi/2− x14)Cere(Fg4,CNr(t)),
Feed6 = a5(x14 − pi/2)Cere(Fg4,CNr(t)),
Feed7 = a5(pi/2− x11)Cere(Fg2,CNl(t)),
Feed8 = a5(x11 − pi/2)Cere(Fg2,CNl(t)),
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Feed9 = a6(pi/2− x11)Cere(Fg2,CNl(t)) + a7(pi/2− x14)Cere(Fg4,CNr(t))
−a8x˙11Cere(Fg2,CNl(t)),
Feed10 = a6(x11 − pi/2)Cere(Fg2,CNl(t)) + a7(x14 − pi/2)Cere(Fg4,CNr(t))
+a8x˙11Cere(Fg2,CNl(t)),
Feed11 = a6(pi/2− x14)h(Fg4) + a7(pi/2− x11)Cere(Fg2,CNl(t))
−a8x˙14Cere(Fg4,CNr(t)),
Feed12 = a6(x14 − pi/2)h(Fg4) + a7(x11 − pi/2)Cere(Fg2,CNl(t))
+a8x˙14Cere(Fg4,CNr(t)),
???, a1, · · · , a8 ??????, a1 = 1.5, a2 = 1.0, a3 = 1.5, a4 = 1.5, a5 = 3.0,
a6 = 1.5, a7 = 3.0, a8 = 1.5 ???. Feedi ?????, ???, ??????, ???
???????????????????. ???, Feed1 ?????????????
?????????????????, ? 1???????????????,????
?????????, ?????????????. ? 2??????????????
??,?????????????, ?????????????. ? 3????????
????????, ?????????????, ?????????????. ???,
????????????????, ???????????????????????
????????????????,?????? 0???. ? 4??????????
?????????,??????????????????????????????
???,?????? 0???.
CPG??????????????.
ui =

−1.0 i = 1,
1.0 i = 3,
0 ????.
A.7 ???????????
N = 2000, τGC = 0.090 sec, θPC = 0.85, w
GC
j,j′ = 1.0 (???), PC = 1.0, tdelay =
0.065 sec,
wGCj,j′ =
{
1.0 p = 0.5,
0 ?????
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A.8 4???????
mHATx¨1 = F1 + F3,
mHATx¨2 = F2 + F4 −mHATg,
IHATx¨3 = −F1lHAT sinx3 − F2lHAT cosx3 − F3lHAT − F4lHAT cosx3
mulegx¨4 = −F3 + F7,
mulegx¨5 = −F4 + F8 −mulegg,
Iulegx¨6 = −F3luthigh sinx6 − F4luthigh cosx6
−F7llthigh sinx6 − F8llthigh cosx6
−elakf(x6 − x12)(x˙6 − x˙12)− dumpkf(x6 − x12)− visk(x˙6 − x˙12)
−vish(x˙3 − x˙6) + Tr1 + Tr3,
mulegx¨7 = −F5 + F9,
mulegx¨8 = −F6 + F10 −mulegg,
Iulegx¨9 = −F5luthigh sinx9 + F6luthigh cosx9
−F9llthigh sinx9 − F10llthigh cosx9
−elakf(x9 − x15)(x˙9 − x˙15)− dumpkf(x9 − x15)− visk(x˙9 − x˙15)
−vish(x˙3 − x˙9) + Tr2 + Tr4,
mllegx¨10 = −F5 + F9,
mllegx¨11 = −F6 + F10 −mllegg,
Illegx¨12 = −F5lushank sinx12 − F6lushank cosx12
−F9llshank sinx12 − F10llshank cosx12
+elakf(x6 − x12)(x˙6 − x˙12) + dumpkf(x6 − x12) + visk(x˙6 − x˙12)
−visa(x˙12 − x˙18) + Tr3,
mllegx¨13 = −F7 + F11,
mllegx¨14 = −F8 + F12 −mllegg,
Illegx¨15 = −F7lushank sinx15 − F8lushank cosx15
−F11llshank sinx15 − F12llshank cosx15
+elakf(x9 − x15)(x˙9 − x˙15) + dumpkf(x9 − x15) + visk(x˙9 − x˙15)
−visa(x˙15 − x˙21) + Tr4,
mfootx¨16 = −Fgxrt + Fgxrh,
mfootx¨17 = −F10 + Fgyrt + Fgyrh −mfootg,
Ifootx¨18 = −F9lfoot1 sinx18 − F10lfoot1 cosx18
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−Fgxrtlfoot2 sinx18 − 0.809− Fgyrtlfoot2 cosx18 − 0.809
−Fgxrhlfoot3 sinx18 + 0.956− Fgyrhlfoot3 cosx18 + 0.956,
−visa(x˙12 − x˙18) + elaa|x18| − dumpax˙18 + Tr5,
mfootx¨19 = −F11 + Fgxlt + Fgxlh,
mfootx¨20 = −F12 + Fgylt + Fgylh −mfootg,
Ifootx¨21 = −F11lfoot1 sinx21 − F12lfoot1 cosx12
−Fgxltlfoot2 sinx21 − 0.809− Fgyrtlfoot2 cosx21 − 0.809
−Fgxlhlfoot3 sinx21 − 0.956− Fgyrhlfoot3 cosx21 − 0.956
−visa(x˙15 − x˙21) + elaa|x21| − dumpax˙21 + Tr6.
f(x) = max(0, x), h(x) =
{
1.0 {x ≥ 0}
0.0 ????.
???????????? (xrt, yrt), (xrh, yrh), (xlt, ylt), (xlh, ylh)????????.
xrt = x10 + llshank cosx12 + lfoot2 cosx18 − 0.809,
yrt = x11 − llshank sinx12 − lfoot2 sinx18 − 0.809,
xrh = x10 + llshank cosx12 + lfoot3 cosx18 + 0.956,
yrh = x11 − llshank sinx12 − lfoot3 sinx18 + 0.956,
xlt = x13 + llshank cosx15 + lfoot2 cosx21 − 0.809,
ylt = x14 − llshank sinx15 − lfoot2 sinx21 − 0.809,
xlh = x13 + llshank cosx15 + lfoot3 cosx21 + 0.956,
ylh = x14 − llshank sinx15 − lfoot3 sinx21 + 0.956,
????? 2.10B, ??????????? A.11???.
A.9 4???????
Tr1 = −Mhip1F ′2 +Mhip2F ′1 −Mhip3F ′4 +Mhip4F ′3,
Tr2 = −Mhip1F ′11 +Mhip2F ′10 −Mhip3F ′13 +Mhip4F ′12,
Tr3 = −Mknee1F ′6 +Mknee2F ′5 −Mknee3F ′4 +Mknee4F ′3,+Mknee5F ′7,
Tr4 = −Mknee1F ′15 +Mknee2F ′14 −Mknee3F ′13 +Mknee4F ′12,+Mknee5F ′16,
Tr5 = −Mankle1F ′9 +Mankle2F ′8 +Mankle3F ′7,
Tr6 = −Mankle1F ′18 +Mankle2F ′17 +Mankle3F ′16,
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??????????? A.11???.
A.10 4????????
x1 + lHAT cosx3 = x4 − luthigh cosx6,
x2 − lHAT sinx3 = x5 + luthigh sinx6,
x1 + lHAT cosx3 = x7 − luthigh cosx9,
x2 − lHAT sinx3 = x8 + luthigh sinx9,
x4 + llthigh cosx6 = x10 − lushank cosx12,
x5 − llthigh sinx6 = x11 + lushank sinx12,
x7 + llthigh cosx9 = x13 − lushank cosx15,
x8 − llthigh sinx9 = x14 + lushank sinx15,
x10 + llshank cosx12 = x16 − lfoot1 cosx18,
x11 − llshank sinx12 = x17 + lfoot1 sinx18,
x13 + llshank cosx15 = x19 − lfoot1 cosx21,
x14 − llshank sinx15 = x20 + lfoot1 sinx21,
??? 2????,????.
x¨1 − x¨4 − lHAT sinx3x¨3 − luthigh sinx6x¨6 = lHAT cosx3x¨23 + luthigh cosx6x˙26,
x¨2 − x¨5 − lHAT cosx3x¨3 − luthigh cosx6x¨6 = −lHAT sinx3x¨23 − luthigh sinx6x˙26,
x¨1 − x¨7 − lHAT sinx3x¨3 − luthigh sinx9x¨9 = lHAT cosx3x¨23 + luthigh cosx9x˙29,
x¨2 − x¨8 − lHAT cosx3x¨3 − luthigh cosx9x¨9 = −lHAT sinx3x¨23 − luthigh sinx9x˙29,
x¨4 − llthigh sinx6x¨6 − x¨10 − lushank sinx12x¨12 = −llthigh cosx6x˙26 + lushank cosx12x˙212,
x¨5 − llthigh cosx6x¨6 − x¨11 − lushank cosx12x¨12 = −llthigh sinx6x˙26 − lushank sinx12x˙212,
x¨7 − llthigh sinx9x¨9 − x¨13 − lushank sinx15x¨15 = −llthigh cosx9x¨9 + lushank cosx15x˙215,
x¨8 − llthigh cosx9x¨9 − x¨14 − lushank cosx15x¨15 = −llthigh sinx9x˙29 − lushank sinx15x˙215,
x¨10 − x¨16 − llshank sinx12x¨12 − lfoot1 sinx18x¨18 = llshank cosx12x˙212 + lfoot1 cosx18x˙218
x¨11 − x¨17 − llshank cosx12x¨12 − lfoot1 cosx18x¨18 = −llshank sinx12x˙212 + lfoot1 sinx18x˙218
x¨13 − x¨19 − llshank sinx15x¨15 − lfoot1 sinx21x¨21 = llshank cosx15x˙215 + lfoot1 cosx21 ˙x212
x¨14 − x¨20 − llshank cosx15x¨15 − lfoot1 cosx21x¨21 = −llshank sinx15x˙215 + lfoot1 sinx21x˙221
??????????? A.11???.
89
A.11 4????????????? [48, 49]
Mb = 65.0 kg, mHAT = 0.678Mb kg, muleg = 0.1Mb kg, mllower = 0.047Mb kg,
mfoot = 0.015Mb kg, Lb = 1.7 m, lHAT = 0.235Lb m, luthigh = 0.1061Lb m, llthigh =
0.1389Lb m, lushank = 0.1065Lb m, llshank = 0.1395Lb m, IHAT = 0.031Mb kgm
2,
IHAT = 5.823 kgm
2, Iuleg = 0.117 kgm
2, Illeg = 0.048 kgm
2, Ifoot = 9.347 ×
10−5 kgm2, g = 9.80 m/s2, vish = 1.09 Nms/rad, visk = 3.17 Nms/rad, visa =
0.943 Nms/rad, elak = 2000 Nm/rad, elaa = 500 Nm/rad, dumpk = 500 Nms/rad,
dumpa = 500 Nms/rad, kgx = 5000.0 N/m, bgx = 1000.0 Ns/m, kgy = 25000.0 N/m,
bgy = 500.0 Ns/m, Mhip1 = 0.132, Mhip2 = 0.092, Mhip3 = 0.049, Mhip4 = 0.054,
Mknee1 = 0.040, Mknee2 = 0.049, Mknee3 = 0.025, Mknee4 = 0.049, Mknee5 = 0.050,
Mankle1 = 0.023, Mankle2 = 0.036, Mankle3 = 0.040.
????????????????.
x1 = 0.0, x2 = 1.43, x3 = 1.57, x6 = x12 = 0.57pi, x9 = x15 = 0.45pi, x18 = x21 =
1.097, x4 = x1 + lHAT cosx3 + luthigh cosx6, x5 = x2 − lHAT sinx3 − luthigh sinx6,
x7 = x1 + lHAT cosx3 + luthigh cosx9, x8 = x2 − lHAT sinx3 − luthigh sinx9, x10 =
x4 + llthigh cosx6 + lushank cosx12, x11 = x5 − llthigh sinx6 − lushank sinx12, x13 =
x7 + llthigh cosx9 + lushank cosx15, x14 = x8 − llthigh sinx9 − lushank sinx15, x16 =
x10 + llshank cosx12 + lfoot1 cosx18, x17 = x11 − llshank sinx12 − lfoot1 sinx18, x19 =
x13 + llshank cosx15 + lfoot1 cosx21, x20 = x14 − llshank sinx15− lfoot1 sinx21.
A.12 4?? CPG?????????
RG?????????????? RG, PF?????????????? PF?,?
??????????????.
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RG????????????
τRG1 , · · · , τRG4 = 0.20 sec, τ ′RG1 , · · · , τ ′RG4 = 0.50 sec, βRG1 , · · · , βRG4 = 2.00,
uRGθ1 , · · · , uRGθ4 = 2.00,
wCPGRGi,i′ =

−2.0 (i, i′) ∈ {(1, 3), (1, 4), (2, 1), (2, 4),
(3, 1), (3, 2), (4, 2), (4, 3)},
0.0 otherwise,
?????????? RG??????????????????????????.
FeedRG1 = G
RG
1 fgrhd + f(G
RG
2 ,Fgrh, 0.0) +G
RG
3 θlhip,
FeedRG2 = f(G
RG
4 ,Fglh, 0.0) +G
RG
5 θrhip −GRG6 θlhip,
FeedRG3 = G
RG
7 Fglhd + f(G
RG
8 ,Fglh, 0.0) +G
RG
9 θrhip,
FeedRG4 = f(G
RG
10 ,Fgrh, 0.0) +G
RG
11 θlhip −GRG12 θrhip,
Fgrhd =
{
1.0 Fgrh > 0?? Fgrhold ≤ 0,
0.0 otherwise,
Fglhd =
{
1.0 Fglh > 0?? Fglhold ≤ 0,
0.0 otherwise,
f(a, b, c) =
{
a {b > c} ,
0.0 otherwise,
??? Fgrhd,Fglhd ????????????????????? 1 ???,
Fgrhold,Fglhold ????? 1?????? Fgrh,Fglh ???. θrhip, θlhip ?????,?
?????????????. GRG ? GA???????????????,?????
? A.14???.
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PF????????????
τPF1 , · · · , τPF10 = 0.08 sec, τ ′PF1 , · · · , τ ′PF10 = 0.60 sec, βPF1 , βPF6 = 15.0 sec, βPF2 , βPF7 =
10.0 sec, βPF3 , · · · , βPF5 = 5.00 sec, βPF8 , · · · , βPF10 = 5.00 sec,
wCPGPFi,i′ =

−10.0 (i, i′) ∈ {(1, 2), (2, 3), (3, 4), (4, 5),
(5, 1), (3, 5), (6, 7), (7, 8),
(8, 9), (9, 10), (10, 6),
(8, 10)} ,
−3.0 (i, i′) ∈ {(5, 8), (10, 3), (1, 9), (6, 4), } ,
1.0 (i, i′) ∈ {(1, 8), (6, 3), (8, 1), (3, 6),
(5, 7), (7, 5), (10, 2), (2, 10)} ,
0.0 otherwise.
uPFθ1 = g(−uRG4 , uRG4 ,−0.30),
uPFθ2 = f(0.7u
RG
4 , u
RG
4 , 0.50),
uPFθ3 = f(1.8u
RG
3 , u
RG
3 , 0.00),
uPFθ4 = f(u
RG
3 , u
RG
3 , 0.50),
uPFθ5 = f(u
RG
3 , u
RG
3 , 0.90),
uPFθ6 = g(−uRG2 , uRG2 ,−0.30),
uPFθ7 = f(0.7u
RG
2 , u
RG
2 , 0.50),
uPFθ8 = f(1.8u
RG
1 , u
RG
1 , 0.00),
uPFθ9 = f(u
RG
1 , u
RG
1 , 0.50),
uPFθ10 = f(u
RG
1 , u
RG
1 , 0.90),
g(a, b, c) =
{
a {b < c} ,
0.0 otherwise.
???, uPFθi ? RG ???????? PF ?????????????. ???, uPFθ1
??, uRG4 ?−0.30????????−uRG4 ???????,????? 0???. ??,
?????????? PF??????????????????????????.
FeedPF1 = −GPF1 θrhip +GPF2 θlhip +GPF3 θrkneeh(Fgrh) +GPF4 h(Fgrt),
FeedPF2 = −GPF5 θrkneeh(Fgrh) +GPF6 θrhiph(Fgrh)−GPF7 θ˙rkneeh(Fgrh) +GPF8 θrankleh(Fgrh),
FeedPF3 = −GPF9 θrhip +GPF10 θlhip −GPF11 θrkneeh(Fgrt)−GPF12 h(Fglt) +GPF13 θrankleh(Fgrh),
FeedPF4 = f(G
PF
14 ,Fglh, 0.0),
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FeedPF5 = G
PF
15 θlhip +G
PF
16 h(Fglt) +G
PF
17 θrankleh(Fgrh)−GPF18 θrhip,
FeedPF6 = −GPF19 θlhip +GPF20 θrhip +GPF21 θlkneeh(Fglh) +GPF22 h(Fglt),
FeedPF7 = −GPF23 θlkneeh(Fglh) +GPF24 θlhiph(Fglh)−GPF25 θ˙lkneeh(Fglh) +GPF26 θlankleh(Fglh),
FeedPF8 = −GPF27 θlhip +GPF28 θrhip −GPF29 θlkneeh(Fglt)−GPF30 h(Fgrt) +GPF31 θlankleh(Fglh),
FeedPF9 = f(G
PF
32 ,Fgrh, 0.0),
FeedPF10 = G
PF
33 θrhip +G
PF
34 h(Fgrt) +G
PF
35 θlankleh(Fglh)−GPF36 θlhip,
h(a) =
{
1.0 {a > 0.0} ,
0.0 otherwise.
???, θrknee, θlknee, θrankle, θlankle ???????????, ??????, ?????
?, ?????????. GPF ? GA ???????????????, ??????
A.14???.
CPG????????
uRG1 = 0.1, u
RG
2 = −2.0, uRG3 = −2.0, uRG4 = −0.0, uPFi = 0.0.
A.13 α?????????????
???????
wcondition1 , · · · , wcondition18 = 1.0,
wα1 1 = G
α
1 , w
α
1 5 = G
α
2 , w
α
2 3 = G
α
3 , w
α
2 4 = G
α
4 , w
α
3 1 = G
α
5 , w
α
3 5 = G
α
6 , w
α
4 1 = G
α
7 ,
wα4 3 = G
α
8 , w
α
5 1 = G
α
9 , w
α
5 4 = G
α
10, w
α
5 5 = G
α
11, w
α
6 1 = G
α
12, w
α
6 5 = G
α
13, w
α
7 2 = G
α
14,
wα8 2 = G
α
15, w
α
9 1 = G
α
16, w
α
9 4 = G
α
17, w
α
9 5 = G
α
18,
wα10 1 = G
α
1 , w
α
10 5 = G
α
2 , w
α
11 3 = G
α
3 , w
α
11 4 = G
α
4 , w
α
12 1 = G
α
5 , w
α
12 5 = G
α
6 , w
α
13 1 =
Gα7 , w
α
13 3 = G
α
8 , w
α
14 1 = G
α
9 , w
α
14 4 = G
α
10, w
α
14 5 = G
α
11, w
α
15 1 = G
α
12, w
α
15 5 = G
α
13,
wα16 2 = G
α
14, w
α
17 2 = G
α
15, w
α
18 1 = G
α
16, w
α
18 4 = G
α
17, w
α
18 5 = G
α
18,
otherwise wαm,n = 0.0,
c5 knee = G
c
1, c6 knee = G
c
2, c2 hip = G
c
3, c1 hip = G
c
4, c1 knee = G
c
5, c9 knee = G
c
6,
c8 knee = G
c
7, c
′
9 knee = G
c′
1 c
′
8 knee = G
c′
2
c14 knee = G
c
8, c15 knee = G
c
9, c11 hip = G
c
10, c10 hip = G
c
11, c10 knee = G
c
12, c18 knee =
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Gc13, c17 knee = G
c
14, c
′
18 knee = G
c′
3 c
′
17 knee = G
c′
4
otherwise cm,n′ = c
′
m,n′ = 0.0,
POS1 = G
POS
1 (−5.0x3 + 1.0x˙3),
POS2 = G
POS
2 (1.0x3 − 1.0x˙3),
POS4 = G
POS
3 (−0.5COMv),
POS7 = G
POS
4 (0.1COM
v),
POS8 = G
POS
5 (0.01COM
v),
POS10 = G
POS
6 (−5.0x3 + 1.0x˙3),
POS11 = G
POS
7 (1.0x3 − 1.0x˙3),
POS13 = G
POS
8 (−0.5COMv),
POS16 = G
POS
9 (0.1COM
v),
POS17 = G
POS
10 (0.01COM
v),
otherwise POSm = 0.0,
x3, x˙3 ????? HAT ???, HAT ???????. COMv ????????. Gα,
Gc, Gc
′
, GPOS ? GA???????????????,?????? A.14???.
???????
wcondition1 , · · · , wcondition6 = 0.8, wcondition7 , wcondition8 , wcondition9 = 0.6.
?????????????????????.
A.14 GA????????????
A.14.1 ???????
GRG1 = −1.200, GRG2 = 0.080, GRG3 = 0.010, GRG4 = 0.010, GRG5 = 0.010, GRG6 =
−0.010,
GRG7 = G
RG
1 , G
RG
8 = G
RG
2 , G
RG
9 = G
RG
3 , G
RG
10 = G
RG
4 , G
RG
11 = G
RG
5 , G
RG
12 = G
RG
6 ,
GPF1 = −0.198, GPF2 = 0.016, GPF3 = 0.057, GPF4 = 0.010, GPF5 = −0.022, GPF6 =
0.710, GPF7 = −0.010, GPF8 = 0.510, GPF9 = −0.198, GPF10 = 0.198, GPF11 = −0.058,
GPF12 = −0.013, GPF13 = 0.010, GPF14 = 0.000, GPF15 = 0.085, GPF16 = 0.012, GPF17 = 0.104,
GPF18 = −0.010,
GPF19 = G
PF
1 , G
PF
20 = G
PF
2 , G
PF
21 = G
PF
3 , G
PF
22 = G
PF
4 , G
PF
23 = G
PF
5 , G
PF
24 = G
PF
6 ,
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GPF25 = G
PF
7 , G
PF
26 = G
PF
8 , G
PF
27 = G
PF
9 , G
PF
28 = G
PF
10 , G
PF
29 = G
PF
11 , G
PF
30 = G
PF
12 ,
GPF31 = G
PF
13 , G
PF
32 = G
PF
14 , G
PF
33 = G
PF
15 , G
PF
34 = G
PF
16 , G
PF
35 = G
PF
17 , G
PF
36 = G
PF
18 ,
Gα1 = 0.650, G
α
2 = −0.278, Gα3 = 0.499, Gα4 = 0.456, Gα5 = 0.139, Gα6 = 0.919,
Gα7 = 0.215, G
α
8 = −0.027, Gα9 = 1.001, Gα10 = 0.050, Gα11 = −0.144, Gα12 = −0.023,
Gα13 = 0.401, G
α
14 = 0.178, G
α
15 = 0.323, G
α
16 = 0.014, G
α
17 = 0.240, G
α
18 = 0.715,
Gc1 = 0.428, G
c
2 = 0.219, G
c
3 = 0.128, G
c
4 = 0.030, G
c
5 = 0.128, G
c
6 = −0.049,
Gc7 = 0.202, G
c
8 = G
c
1, G
c
9 = G
c
2, G
c
10 = G
c
3, G
c
11 = G
c
4, G
c
12 = G
c
5, G
c
13 = G
c
6,
Gc14 = G
c
7, G
c′
1 = 0.432, G
c′
2 = 0.351,
Gc
′
3 = G
c′
1 , G
c′
4 = G
c′
2 ,
GPOS1 = 0.208, G
POS
2 = 0.390, G
POS
3 = 0.525, G
POS
4 = 0.212, G
POS
5 = −0.191.
GPOS6 = G
POS
1 , G
POS
7 = G
POS
2 , G
POS
8 = G
POS
3 , G
POS
9 = G
POS
4 , G
POS
10 = G
POS
5 .
A.14.2 ???????: ???????
Gc1 = 0.453, G
c
2 = 0.087, G
c
3 = 0.937, G
c
4 = 0.800, G
c
5 = 0.976, G
c
6 = 0.225, G
c
7 =
−0.135, Gc8 = 0.348, Gc9 = 0.112, Gc10 = 0.925, Gc11 = 0.847, Gc12 = 1.042, Gc13 =
0.193, Gc14 = −0.136, Gc
′
1 = 0.737, G
c′
2 = 0.331,
Gc
′
3 = 0.837, G
c′
4 = 0.403,
GPOS1 = 0.471, G
POS
2 = 0.206, G
POS
3 = 0.424, G
POS
4 = 0.172, G
POS
5 = −0.160.
GPOS6 = 0.386, G
POS
7 = 0.192, G
POS
8 = 0.453, G
POS
9 = 0.420, G
POS
10 = −0.162.
?????????????????????.
A.14.3 ???????: CPG?????
GRG1 = −9.270, GRG2 = 0.293, GRG3 = 0.874, GRG4 = 0.854, GRG5 = 0.633, GRG6 =
0.151,
GRG7 = −0.276, GRG8 = 1.749, GRG9 = 1.067, GRG10 = 0.841, GRG11 = 0.359, GRG12 =
0.664,
GPF1 = −0.101, GPF2 = 0.001, GPF3 = 0.030, GPF4 = 0.010, GPF5 = −0.001, GPF6 =
0.020, GPF7 = −0.001, GPF8 = 0.001, GPF9 = −0.020, GPF10 = 0.012, GPF11 = −0.010,
GPF12 = −0.004, GPF13 = 0.055, GPF14 = 0.001, GPF15 = 0.001, GPF16 = 0.001, GPF17 = 0.003,
GPF18 = −0.057, GPF19 = −0.001, GPF20 = 0.001, GPF21 = 0.002, GPF22 = 0.050, GPF23 =
95
−0.002, GPF24 = 0.001, GPF25 = −0.003, GPF26 = 0.020, GPF27 = −0.001, GPF28 = 0.007,
GPF29 = −0.007, GPF30 = −0.001, GPF31 = 0.014, GPF32 = 0.001, GPF33 = 0.002, GPF34 =
0.011, GPF35 = 0.004, G
PF
36 = −0.010,
?????????????????????.
96
????
[1] ???. ??????????, 2019. https://www8.cao.go.jp/kourei/
whitepaper/w-2019/zenbun/pdf/1s1s_01.pdf.
[2] ???. ?????????, 2019. https://www8.cao.go.jp/kourei/
whitepaper/w-2019/zenbun/pdf/1s1s_02.pdf.
[3] ?????. ??????????, 2019. https://www.mhlw.go.
jp/stf/seisakunitsuite/bunya/hukushi_kaigo/kaigo_koureisha/
chiiki-houkatsu/.
[4] Joseph Babinski ?, ?????. ?????? (??????). ???????,
1992.
[5] ????. Babinski. ????, Vol. 32, pp. 218–221, 2015.
[6] Marie-France Weiner and John Russell Silver. Historical review: Suspension
therapy for the treatment of tabes dorsalis. European Neurology, Vol. 72, pp.
163–172, 2014.
[7] Cesar G. Victora, Jean-Pierre Habicht, and Jennifer Bryce. Evidence-based
public health: Moving beyond randomized trials. American Journal of Public
Health, Vol. 94, pp. 400–405, 2004.
[8] ????. ??????????????????????. ?????????
??, Vol. 43, pp. 651–657, 2006.
[9] ????. ???????????????? ? 2?. ????? ??, 2019.
[10] Rebecca A. States, Evagelos Pappas, and Yasser Salem. Overground physical
therapy gait training for chronic stroke patients with mobility deficits (review).
Cochrane Database of Systematic Reviews, No. 3, CD006075, 2009.
[11] Pamela W. Duncan, Sue Min Lai, and John Keighley. Defining post-stroke
recovery: implications for design and interpretation of drug trials. Neurophar-
97
macology, Vol. 39, pp. 835–841, 2000.
[12] Alain P. Yelnik, Frederique Le Breton, Florence M. Colle, Isabelle V. Bonan,
Caroline Hugeron, Ve´ronique Egal, Elizabeth Lebomin, Jean-Philippe Regnaux,
Dominic Pe´rennou, and Eric Vicaut. Rehabilitation of balance after stroke with
multisensorial training: A single-blind randomized controlled study. Neurore-
habilitation and Neural Repair, Vol. 22, pp. 468–476, 2008.
[13] ????, ????, ????, ????. ?????????????????
??????. ???????????, Vol. 34, pp. 138–148, 1997.
[14] ????. ??????. ????, 1996.
[15] ???. ??????????????????????-?????-. ?????
????, Vol. 20, pp. 108–122, 2013.
[16] Jacquelin Perry?, ????, ?????. ?????????? 2??????
????. ?????, 2012.
[17] Jessica Rose ?, James G.Gamble ?, ????, ?????, ????, ????
?, ????, ?????. ?????????????? 3?. ?????, 2009.
[18] Eric R. Kandel, James H. Schwartz, Thomas M. Jessel, Steven A. Siegelbaum,
and A. J. Hudspeth. Principles of neural science Fifth edition. McGraw-Hill,
2012.
[19] David A. McCrea and Ilya A. Rybak. Organization of mammalian locomotor
rhythm and pattern generation. Brain Research Reviews, Vol. 57, pp. 134–146,
2008.
[20] K.Takakusaki, K.Saitoh, H.Harada, and M.Kashiwayanagi. Role of basal ganglia
brainstem pathways in the control of motor behaviors. Neuroscience Research,
Vol. 50, pp. 137–151, 2004.
[21] Yu. I. Arshavsky, I. M. Gelfand, and G. N. Orlovsky. Cerebellum and Rhythmical
Movements. Springer, Verlag Berlin Heidelberg, 1986.
[22] ????. ???????? ??????????????????????. ?
???? ??, 2005.
[23] Kim Lajoie and Trevor Drew. Lesions of area 5 of the posterior parietal cortex in
the cat produce errors in the accuracy of paw placement during visually guided
locomotion. Journal of Neurophysiology, Vol. 97, pp. 2339–2354, 2006.
[24] Douglas G. Stuart and Hans Hultborn. Thomas Graham Brown (1882-1965),
Anders Lundberg (1920-), and the neural control of stepping. Brain Research
98
Reviews, Vol. 59, pp. 74–95, 2008.
[25] Ilya A. Rybak, Kimberly J. Dougherty, and Natalia A. Shevtsova. Organization
of the mammalian locomotor CPG: Review of computational model and circuit
architectures based on genetically identified spinal interneurons. eNeuro, Vol. 2,
No. 5, ENEURO.0069-15.2015, 2015.
[26] Serge Rossignol, Rejean Dubuc, and Jean Pierre Gossard. Dynamic sensori-
motor interactions in locomotion. Physiological Reviews, Vol. 86, pp. 89–154,
2006.
[27] Blair Calancie, Belinda Needham-Shropshire, Patrick Jacobs, Keith Willer, Gre-
gory Zych, and Barth A. Green. Involuntary stepping after chronic spinal cord
injury; evidence for a central rhythm generator for locomotion in man. Brain,
Vol. 117, pp. 1143–1159, 1994.
[28] Milan R. Dimitrijevic, Yuri Gerasimenko, and Michaela M. Pinter. Evidence
for a spinal central pattern generator in humans. Annals New York Academy of
Sciences, Vol. 860, pp. 360–376, 1998.
[29] Syusaku Sasada, Kenji Kato, Suguru Kadowaki, Stefan J. Groiss, Yoshikazu
Ugawa, Tomoyoshi Komiyama, and Yukio Nishimura. Volitional walking via
upper limb muscle-controlled stimulation of the lumbar locomotor center in
man. The Journal of Neuroscience, Vol. 34, pp. 11131–11142, 2014.
[30] Y. P. Ivanenko, R. E. Poppele, and F. Lacquaniti. Five basic muscle activation
patterns account for muscle activity during human locomotion. The Journal of
Physiology, Vol. 556, pp. 267–282, 2004.
[31] Yuri P. Ivanenko, Germana Cappellini, Nadia Dominici, Richard E. Poppele,
and Francesco Lacquaniti. Coordination of locomotion with voluntary move-
ments in humans. Journal of Neuroscience, Vol. 25, pp. 7238–7253, 2005.
[32] Nadia Dominici, Yuri P. Ivanenko, Germana Cappellini, Andrea d’Avella, Vito
Mondi, Marika Cicchese, Adele Fabiano, Tiziana Silei, Ambrogio Paolo Di,
Carlo Giannini, Richard E. Poppele, and Francesco Lacquaniti. Locomotor
primitives in newborn babies and their development. Science, Vol. 334, pp.
997–999, 2011.
[33] Francesco Lacquaniti, Yuri P. Ivanenko., and Myrka Zago. Patterned control of
human locomotion. The Journal of Physiology, Vol. 590, pp. 2189–2199, 2012.
[34] Lena H. Ting, Hillel J. Chiel, Randy D. Trumbower, Jessica L. Allen, J. Lucas
99
Mckay, Madeleine E. Hackney, and Trisha M. Kesar. Neuromechanical princi-
ples underlying movement modularity and their implications for rehabilitation.
Neuron, Vol. 86, pp. 38–54, 2015.
[35] Vincent C. K. Cheung, Andrea Turolla, Michela Agostini, Stefano Silvoni,
Caoimhe Bennis, Patrick Kasi, Sabrina Paganoni, Paolo Bonato, and Emilio
Bizzi. Muscle synergy patterns as physiological markers of motor cortical dam-
age. Proceedings of the National Academy of Sciences of the United States of
America, Vol. 109, pp. 14652–14656, 2012.
[36] ????. ????? II ?????. ???? ??, 2010.
[37] Gordon Holmes. The symptoms of acute cerebellar injuries due to gunshot
injuries. Brain, Vol. 40, pp. 461–535, 1917.
[38] Winfried Ilg, Heidrun Golla, Peter Thier, and Matin A. Giese. Specific influences
of cerebellar dysfunctions on gait. Brain, Vol. 130, pp. 786–798, 2007.
[39] G. Martino, Y. P. Ivanenko, M. Serrao, A. Ranavolo, A. d’Avella, F. Draicchio,
C. Conte, C. Casali, and F. Lacquaniti. Locomotor patterns in cerebellar ataxia.
Journal of Neurophysiology, Vol. 112, pp. 2810–2821, 2014.
[40] Susanne M. Morton and Amy J. Bastian. Cerebellar contributions to locomotor
adaptations during splitbelt treadmill walking. Journal of Neuroscience, Vol. 26,
pp. 9107–9116, 2006.
[41] Ine´s A. Kramers De Quervain, Sheldon R. Simon, Sue Leurgans, William S.
Pease, and David McAllister. Gait pattern in the early recovery period after
stroke. The Journal of Bone and Joint Surgery, Vol. 78, pp. 1506–1514, 1996.
[42] Leonardo Gizzi, Jorgen Feldbaek Nielsen, Francesco Felici, Yuri P Ivanenko,
and Dario Farina. Impulses of activation but not motor modules are preserved
in the locomotion of subacute stroke patients. Journal of Neurophysiology, Vol.
106, pp. 202–210, 2011.
[43] David J. Clark, Lena H. Ting, Felix E. Zajac, Richard R. Neptune, and Steven A.
Kautz. Merging of healthy motor modules predicts reduced locomotor perfor-
mance and muscle coordination complexity post-stroke. Journal of Neurophys-
iology, Vol. 103, pp. 844–857, 2010.
[44] Gentaro Taga, Y Yamaguchi, and H Shimizu. Self-organized control of bipedal
locomotion by neural oscillators in unpredictable environment. Biological Cy-
bernetics, Vol. 65, pp. 147–159, 1991.
100
[45] Gentaro Taga. A model of the neuro-musculo-skeletal system for human loco-
motion I. emergence of basic gait. Biological Cybernetics, Vol. 73, pp. 97–111,
1995.
[46] Naomichi Ogihara and Nobutoshi Yamazaki. Generation of human bipedal loco-
motion by a bio-mimetic neuro-musculo-skeletal model. Biological Cybernetics,
Vol. 84, No. 1, pp. 1–11, 2001.
[47] Kazunori Hase and Nobutoshi Yamazaki. Computer simulation study of human
locomotion with a three-dimensional entire-body neuro-musculo-skeletal model.
JSME International Journal Series C Mechanical Systems, Machine Elements
and Manufacturing, Vol. 45, No. 4, pp. 1040–1050, 2002.
[48] Sungho Jo and Steve G Massaquoi. A model of cerebrocerebello-spinomuscular
interaction in the sagittal control of human walking. Biological Cybernetics,
Vol. 96, pp. 279–307, 2007.
[49] Shinya Aoi, Naomichi Ogihara, Tetsuro Funato, Yasuhiro Sugimoto, and Kazuo
Tsuchiya. Evaluating functional roles of phase resetting in generation of adap-
tive human bipedal walking with a physiologically based model of the spinal
pattern generator. Biological Cybernetics, Vol. 102, No. 5, pp. 373–387, 2010.
[50] Jessica L. Allen, Steven A. Kautz, and Richard R. Neptune. The influence of
merged muscle excitation modules on post-stroke hemiparetic walking perfor-
mance. Clinical Biomechanics, Vol. 28, pp. 697–704, 2013.
[51] Shinya Aoi, Naomichi Ogihara, Tetsuro Funato, and Kazuo Tsuchiya. Sen-
sory regulation of stance-to-swing transition in generation of adaptive human
walking: A simulation study. Robotics and Autonomous Systems, Vol. 60, pp.
685–691, 2012.
[52] Shinya Aoi, Tomohiro Ohashi, Ryoko Bamba, Soichiro Fujiki, Daiki Tamura,
Tetsuro Funato, Kei Sednda, Yury Ivanenko, and Kazuo Tsuchiya. Neuromus-
culoskeletal model that walks and runs across a speed range with a few motor
control parameter changes based on the muscle synergy hypothesis. Scientific
Reports, Vol. 9, No. 1, 369, 2019.
[53] ?????. ????????????????????????. ??????
???, Vol. 34, pp. 427–437, 1996.
[54] ????. ?????????????????. ????, Vol. 46, pp. 1343–1348,
2005.
101
[55] A. M. Gordon, A. F. Huxley, and F. J. Julian. The variation in isometric tension
with sarcomere length in vertebrate muscle fibres. The Journal of Physiology,
Vol. 184, pp. 170–192, 1966.
[56] Roger M. Enoka. Eccentric contractions require unique activation strategies
by the nervous system. Journal of Applied Physiology, Vol. 81, pp. 2339–2346,
1996.
[57] ????, ????. ???????????????????? 2 ??????
????. ???????????, Vol. 33, pp. 448–454, 1997.
[58] Kiyotoshi Matsuoka. Sustained oscillations generated by mutually inhibiting
neurons with adaptation. Biological Cybernetics, Vol. 52, pp. 367–376, 1985.
[59] Kiyotoshi Matsuoka. Mechanisms of frequency and pattern control in the neural
rhythm generators. Biological Cybernetics, Vol. 56, pp. 345–353, 1987.
[60] Tadashi Yamazaki and Shigeru Tanaka. Neural modeling of an internal clock.
Neural Computation, Vol. 17, pp. 1032–1058, 2005.
[61] ???, ??. ????????????? GA; Genatic Algorithm. ?????
??, 2008.
[62] MPI Forum, 2018. https://www.mpi-forum.org.
[63] ????. ????????????? ????? MPI ???. ???????
??, 2013.
[64] Mpich. https://www.mpich.org.
[65] ????, ????, ????, ????, ???, ?????, ????, ???.
???????????????????. Equilibium Research, Vol. 43, pp.
64–70, 1984.
[66] Mineo Takagi, David S. Zee, and Rafael J. Tamargo. Effects of lesions of the
oculomotor vermis on eye movements in primate: saccades. Journal of Neuro-
physiology, Vol. 80, pp. 1911–1931, 1998.
[67] ????, ????, ????, ????, ????. ??????????????
?? 18?. ??????, 2016.
[68] T. A. Martin, J. G. Keating, H. P. Goodkin, A. J. Bastian, and W. T. Thach.
Throwing while looking through prisms I. Focal olivocerebellar lesions impair
adaptation. Brain, Vol. 119, pp. 1183–1198, 1996.
[69] Masao Ito. Cerebellum: The brain for implicit self. FT Press, 2013.
[70] M. Fujita. Simulation of adaptive modification of the vestibulo-ocular reflex
102
with an adaptive filter model of the cerebellum. Biological Cybernetics, Vol. 45,
pp. 207–214, 1982.
[71] Hiromitsu Tabata, Kenji Yamamoto, and Mitsuo Kawato. Computational study
on monkey VOR adaptation and smooth pursuit based on the parallel control-
pathway theory. Journal of Neurophysiology, Vol. 87, pp. 2176–2189, 2002.
[72] Kenji Yamamoto, Yasushi Kobayashi, Aya Takemura, Kenji Kawano, and Mit-
suo Kawato. Computational studies on acquisition and adaptation of ocular
following responses based on cerebellar synaptic plasticity. Journal of Neuro-
physiology, Vol. 87, pp. 1554–1571, 2002.
[73] ?????, ???. ???????????????????????. ????
???????, Vol. J90-D, pp. 1293–1304, 2007.
[74] Tadashi Yamazaki and Soichi Nagao. A computational mechanism for unified
gain and timing control in the cerebellum. PLoS ONE, Vol. 7, No. 3, e33319,
2012.
[75] Tadashi Yamazaki and Soichi Tanaka. A spiking network model for passage-
of-time representation in the cerebellum. European Journal of Neuroscience,
Vol. 26, pp. 2279–2292, 2007.
[76] Tadashi Yamazaki and Jun Igarashi. Realtime cerebellum: A large-scale spik-
ing network model of the cerebellum that runs in realtime using a graphics
processing unit. Neural Networks, Vol. 47, pp. 103–111, 2013.
[77] Ruben-Dario Pinzon-Morales and Yutaka Hirata. A bi-hemispheric neuronal
network model of the cerebellum with spontaneous climbing fiber firing produces
asymmetrical motor learning during robot control. Frontiers in Neural Circuits,
Vol. 8, No. 131, 2014.
[78] Julia T. Choi, Eileen P. G. Vining, Darcy S. Reisman, and Amy J. Bastian.
Walking flexibility after hemispherectomy : split-belt treadmill adaptation and
feedback control. Brain, Vol. 132, pp. 722–733, 2009.
[79] Gowri Jayaram, Byron Tang, Rani Pallegadda, Erin V. L.Vasudevan, Pablo
Celnik, and Amy J. Bastian. Modulating locomotor adaptation with cerebellar
stimulation. Journal of Neurophysiology, Vol. 107, pp. 2950–2957, 2012.
[80] G. W. Hiebert, M.A. Gorassini, W. Jiang, A. Prochazka, and K. G. Pearson.
Corrective responses to loss of ground support during walking II. comparison of
intact and chronic spinal cats. Journal of Neurophysiology, Vol. 71, pp. 611–622,
103
1994.
[81] Marleen H. van der Linden, Daniel S. Marigold, Fons J. M. Gbreels, and Jacques
Duysens. Muscle reflexes and synergies triggered by an unexpected support
surface height during walking. Journal of Neurophysiology, Vol. 97, pp. 3639–
3650, 2007.
[82] Soichiro Fujiki, Shinya Aoi, Tetsuro Funato, Nozomi Tomita, Kei Senda, and
Kazuo Tsuchiya. Adaptation mechanism of interlimb coordination in human
split-belt treadmill walking through learning of foot contact timing: a robotics
study. Journal of The Royal Society Interface, Vol. 12, p. 20150542, 2015.
[83] Sho Aoki, Yamato Sato, and Dai Yanagihara. Effect of inactivation of the
intermediate cerebellum on overground locomotion in the rat: A comparative
study of the anterior and posterior lobes. Neuroscience Letters, Vol. 576, pp.
22–27, 2014.
[84] Sho Aoki, Yamato Sato, and Dai Yanagihara. Lesion in the lateral cerebellum
specifically produces overshooting of the toe trajectory in leading forelimb dur-
ing obstacle avoidance in the rat. Journal of Neurophysiology, Vol. 110, pp.
1511–1524, 2013.
[85] G. Bosco, J. Eian, and R. E. Poppele. Phase-specific sensory representations in
spinocerebellar activity during stepping: evidence for a hybrid kinematic/kinetic
framework. Experimental Brain Research, Vol. 175, pp. 83–96, 2006.
[86] Eriko Kuramoto, Takahiro Furuta, Kouichi C. Nakamura, Tomo Unzai, Hiroyuki
Hioki, and Takeshi Kaneko. Two types of thalamocortical projections from the
motor thalamic nuclei of the rat: A single neuron-tracing study using viral
vectors. Cerebral Cortex, Vol. 19, pp. 2065–2077, 2009.
[87] F. B. Horak and H. C. Diener. Cerebellar control of postural scaling and central
set in stance. Journal of Neurophysiology, Vol. 72, pp. 479–493, 1994.
[88] ????, ????, ????. 3????????????????? 2????
??. ????????, Vol. 15, pp. 187–198, 2000.
[89] Daniel M. Wolpert, R.Chris Miall, and Mitsuo Kawato. Internal models in the
cerebellum. Trends in Cognitive Sciences, Vol. 2, pp. 338–347, 1998.
[90] Catalin V. Buhusi and Warren H. Meck. What makes us tick? functional and
neural mechanisms of interval timing. Nature Reviews Neuroscience, Vol. 6, pp.
755–765, 2005.
104
[91] Richard B. Ivry and Rebecca MC Spencer. The neural representation of time.
Current Opinion in Neurobiology, Vol. 14, pp. 225–232, 2004.
[92] Darcy S. Reisman, Robert Wityk, Kenneth Silver, and Amy J. Bastian. Lo-
comotor adaptation on a split-belt treadmill can improve walking symmetry
post-stroke. Brain, Vol. 130, pp. 1861–1872, 2007.
[93] ???. ???????????????. ??????, Vol. 4, pp. 15–25, 2004.
[94] R. Lanrton Hewer, Ray Cooper, and M. Hilary Morgan. An investigation into
the value of treating intension tremor by weighting the affected limb. Brain,
Vol. 61, pp. 579–590, 1972.
[95] M.H. Morgan. Ataxia and weights. Physiotherapy, Vol. 61, pp. 332–334, 1975.
[96] ????. ?????????????????. ????, Vol. 30, pp. 158–163,
1989.
[97] Ichiro Miyai, Mizuki Ito, Noriaki Hattori, Masahito Mihara, Megumi Hatake-
naka, Hajime Yagura, Gen Sobue, and Masatoyo Nishizawa. Cerebellar ataxia
rehabilitation trial in degenerative cerebellar diseases. Neurorehabilitation and
Neural Repair, Vol. 26, pp. 515–522, 2012.
[98] S. Grillner. Locomotion in vertebrates: central mechanisms and reflex interac-
tion. Physiological Reviews, Vol. 55, pp. 247–304, 1975.
[99] Pierre A. Guertin. The mammalian central pattern generator for locomotion.
Brain Research Reviews, Vol. 62, pp. 45–56, 2009.
[100] Richard R Neptune, David J Clark, and Steven A Kautz. Modular control
of human walking: a simulation study. Journal of Biomechanics, Vol. 42, pp.
1282–1287, 2009.
[101] Rebecca L. Routson, David J Clark, Mark G. Bowden, Steven A Kautz, and
Richard R. Neptune. The influence of locomotor rehabilitation on module qual-
ity and post-stroke hemiparetic walking performance. Gait & Posture, Vol. 38,
pp. 511–517, 2013.
[102] Simona Ferrante, Noelia Chia Bejarano, Emilia Ambrosini, Antonio Nardone,
Anna M Turcato, Marco Monticone, Giancarlo Ferrigno, and Alessandra Pe-
drocchi. A personalized multi-channel fes controller based on muscle synergies
to support gait rehabilitation after stroke. Frontiers in Neuroscience, Vol. 10,
No. 425, 2016.
[103] Yu Hashiguchi, Koji Ohata, Ryosuke Kitatani, Natsuki Yamakami, Kaoru
105
Sakuma, Sayuri Osako, Yumi Aga, Aki Watanabe, and Shigehito Yamada.
Merging and fractionation of muscle synergy indicate the recovery process in
patients with hemiplegia: The first study of patients after subacute stroke.
Neural Plasticity, Vol. 2016, No. 5282957, 2016.
[104] Chun Kwang Tan, Hideki Kadone, Hiroki Watanabe, Aiki Marushima, Masashi
Yamazaki, Yoshiyuki Sankai, and Kenji Suzuki. Lateral symmetry of synergies
in lower limb muscles of acute post-stroke patients after robotic intervention.
Frontiers in Neuroscience, Vol. 12, No. 276, 2018.
[105] Henk T. Hendricks, Jacques van Limbeek, Alexander C. Geurts, and Machiel J.
Zwarts. Motor recovery after stroke: A systematic review of the literature.
Archives of Physical Medicine and Rehabilitation, Vol. 83, pp. 1629–1637, 2002.
[106] Lamberto Piron, Franco Piccione, Paolo Tonin, and Mauro Dam. Clinical corre-
lation between motor evoked potentials and gait recovery in poststroke patients.
Archives of Physical Medicine and Rehabilitation, Vol. 86, pp. 1874–1878, 2005.
[107] Cai Li, Robert Lowe, and Tom Ziemke. Humanoids learning to walk: a natural
CPG-actor-critic architecture. Frontiers in Neurorobotics, Vol. 7, No. 5, 2013.
[108] Farzan Majeed Noori, Noman Naseer, Nauman Khalid Qureshi, Hammad
Nazeer, and Rayyan Azam Khan. Optimal feature selection from fNIRS sig-
nals using genetic algorithms for BCI. Neuroscience letters, Vol. 647, pp. 61–66,
2017.
[109] Koji Ohata, Tadashi Yasui, Tadao Tsuboyama, and Noriaki Ichihashi. Effects of
an ankle-foot orthosis with oil damper on muscle activity in adults after stroke.
Gait & Posture, Vol. 33, pp. 102–107, 2011.
[110] Takamitsu Matsubara, Jun Morimoto, Jun Nakanishi, Masa aki Sato, and Kenji
Doya. Learning cpg-based biped bipedal locomotion with a policy gradient
method. Robotics and Autonomous Systems, Vol. 54, pp. 911–920, 2006.
[111] Akio Ishiguro, Akinobu Fujii, and Peter Eggenberger Hotz. Neuromodulated
control of bipedal locomotion using a polymorphic cpg circuit. Adaptive Behav-
ior, Vol. 11, pp. 7–17, 2003.
[112] Wei Li, Nicholas S Szczecinski, and Roger D Quinn. A neural network with
central pattern generators entrained by sensory feedback controls walking of a
bipedal model. Bioinspiration & Biomimetics, Vol. 12, No. 6, 2017.
[113] Meel Velliste, Sagi Perel, M. Chance Spalding, Andrew S. Whitford, and An-
106
drew B. Schwartz. Cortical control of a prosthetic arm for self-feeding. Nature,
Vol. 453, No. 19, pp. 1098–1101, 2008.
[114] Noman Naseer, Melissa Jiyoun Hong, and Keum-Shik Hong. Online binary
decision decoding using functional near-infrared spectroscopy for the develop-
ment of brain-computer interface. Experimental Brain Research, Vol. 232, pp.
555–564, 2014.
[115] Roee Holtzer, Jeannette R. Mahoney, Meltem Izzetoglu, Cuiling Wang, Sarah
England, and Joe Verghese. Online fronto-cortical control of simple and
attention-demanding locomotion in humans. NeuroImage, Vol. 112, pp. 152–
159, 2015.
[116] Rayyan Azam Khan, Noman Naseer, Nauman Khalid Qureshi, Farzan Majeed
Noori, Hammad Nazeer, and Muhammad Umer Khan. fNIRS-based neuro-
robotic interface for gait rehabilitation. Journal of NeuroEngineering and Re-
habilitation, Vol. 15, No. 7, 2018.
[117] Youngwoo Kim, Yusuke Tagawa, Goro Obinata, and Kazunori Hase. Robust
control of CPG-based 3d neuromusculoskeletal walking model. Biological Cy-
bernetics, Vol. 105, pp. 269–282, 2011.
[118] Saso Jezernik, Gery Colombo, Thierry Keller, Hansruedi Frueh, and Manfred
Morari. Robotic orthosis lokomat: A rehabilitation and research tool. Neuro-
modulation, Vol. 6, No. 2, pp. 108–115, 2003.
[119] Hiroaki Kawamoto, Kiyotaka Kamibayashi, Yoshio Nakata, Kanako Yamawaki,
Ryohei Ariyasu, Yoshiyuki Sankai, Masataka Sakane, Kiyoshi Eguchi, and
Naoyuki Ochiai. Pilot study of locomotion improvement using hybrid assistive
limb in chronic stroke patients. BMC Neurology, Vol. 13, No. 141, 2013.
[120] Hiroki Watanabe, Ryohei Goto, Naoki Tanaka, Akira Matsumura, and Hisako
Yanagi. Effects of gait training using the hybrid assistive limb in recovery-phase
stroke patients: A 2-month follow-up, randomized, controlled study. NeuroRe-
habilitation, Vol. 40, No. 3, pp. 363–367, 2017.
[121] Franco Molteni, Giulio Gasperini, Marina Gaffuri, Maria Colombo, Chiara Gio-
vanzana, Davide Proserpio, Davide Liberali, and Eleonora Guanziroli. Wearable
robotic exoskeleton for overground gait training in sub-acute and chronic hemi-
paretic stroke patients: preliminary results. European Journal of physical and
rehabilitation Medicine, Vol. 53, No. 5, pp. 676–684, 2017.
107
[122] Philipp Beckerle, Gionata Salvietti, Ramazan Unal, Domenico Prattichizzo, Si-
mone Rossi, Claudio Castellini, Sandra Hirche, Satoshi Endo, Heni Ben Amor,
Matei Ciocarlie, Fulvio Mastrogiovanni, Brenna D Argall, and Matteo Bianchi.
A human-robot interaction perspective on assistive and rehabilitation robotics.
Frontiers in Neurorobotics, Vol. 11, No. 24, 2017.
[123] Carlotta Mummolo, William Z Peng, Shlok Agarwal, Robert Griffin, Peter D
Neuhaus, and Joo H. Kim. Stability of mina v2 for robot-assisted balance and
locomotion. Frontiers in Neurorobotics, Vol. 12, No. 62, 2018.
[124] Marta Gandolla, Eleonora Guanziroli, Andrea D’Angelo, Giovanni Cannaviello,
Franco Molteni, and Alessandra Pedrocchi. Automatic setting procedure for
exoskeleton-assisted overground gait: Proof of concept on stroke population.
Frontiers in Neurorobotics, Vol. 12, No. 10, 2018.
[125] Tadashi Yamazaki, Jun Igarashi, Junichiro Makino, and Toshikazu Ebisuzaki.
Real-time simulation of a cat-scale artificial cerebellum on PEZY-SC processors.
International Journal of High Performance Computing Applications, Vol. 33,
pp. 155–168, 2019.
[126] Cheol E. Han, Michael A. Arbib, and Nicolas Schweighofer. Stroke rehabilitation
reaches a threshold. PLoS Computational biology, Vol. 4, No. e1000133, 2008.
[127] Ken Takiyama and Yutaka Sakai. A balanced motor primitive framework can
simultaneously explain motor learning in unimanual and bimanual movements.
Neural Networks, Vol. 86, pp. 80–89, 2017.
108
???????????????
??
??? (???)
1. ??? : ????, ???, ???
???? : ??????????????????????????????
??????????
??? : ??????????? D, J100-D: 808-816
???? : 2017? 8?
(??? 3????)
2. ??? : Daisuke Ichimura, Tadashi Yamazaki
???? : A pathological condition affects motor modules in a bipedal
locomotion model
??? : Frontiers in Neurorobotics, 13:79
???? : 2019? 9?
(??? 4????)
109
